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ABSTRACT
FILLING THE GAP IN THE EXTRAGALACTIC CENSUS:
A STUDY AT 21 CM AND IN THE NEAR-INFRARED
SEPTEMBER 2000
JESSICA LANCER ROSENBERG
BA, WESLEYAN UNIVERSITY
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Stephen E. Schneider
Fundamental to a complete understanding of galaxy properties, formation, and
evolution is a thorough knowledge of the local galaxy population. Until we understand
the nearest, most easily detectable galaxies in the Universe it will be impossible to
deduce galaxy history. The reliance on optical detection of galaxies has biased most
surveys against the lowest mass, lowest luminosity, and lowest surface brightness
systems. The primary goal of this thesis is to fill this gap in the extragalactic census.
We use the 21 cm line of neutral hydrogen to search for galaxies in the local
universe. The Arecibo Dual-Beam Survey (ADBS) has detected 265 galaxies, only
half of which have previously identified optical counterparts. These detections are
used in the calculation of the HI mass function for which the low mass end is better
determined than any previous survey. We find a faint end slope of a = -1.6 in the
field, but a = -1.2 in the Virgo Cluster region. The diflference in the slopes is an
vi
indication that the slope of the mass function is not universal but is environmentally
dependent.
The steep slope of the HI mass function demonstrates that we have identified a
population of galaxies missed in optical surveys. We use near infrared observations
from 2-Micron All-Sky Survey (2MASS) and optical images from the digitized POSS
data, in conjunction with the HI data, to study the relationships between gas and
stars in this unique sample.
The combination of HI, near infrared, and optical data allow us to examine the
detailed characteristics of the galaxy profiles for a subsample of the ADBS galaxies as
well as to study the global inter-relations of galaxy properties at these wavelengths.
We use the measurements such as galaxy color, luminosity, and gas-to-star ratio to
probe differences in the evolutionary state of galaxies and examine how observational
properties of galaxies such as surface brightness affect the fraction of a galaxy's mass
in gas, stars, and dark matter.
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CHAPTER 1
INTRODUCTION
The local galaxy population as it has been measured to date is not an accurate,
complete picture of the actual galaxy population in the local Universe. We have yet
to probe the lowest mass, lowest luminosity, and lowest surface brightness regimes of
our local Universe in a statistically complete manner. The main goal of this thesis is
to contribute to filling in the gaps in the local extragalactic census in an attempt to
better account for the baryons in the local Universe as well as to gain a more complete
understanding of local galaxy population and of the nature of these elusive galaxies.
The first to speculate on the existence of this low surface brightness galaxy popu-
lation buried beneath the night sky brightness was Zwicky, in 1957, who claimed that
the faint end of the luminosity function was steeply increasing and noted that the
low luminosity systems that are "large and very dispersed systems" would be easy
to miss. Nevertheless, in 1970 Freeman published a paper discussing the nature of
spiral galaxies and noted that the central surface brightness of all of the galaxies was
nearly constant, = 21.65 ±0.3, for the galaxies in his sample. That all measured
galaxies have approximately this central surface brightness has become known as the
Freeman Law.
It was not until 1976 that the problem of detecting low surface brightness galaxies
was fully formulated. Disney pointed out that the mean surface brightness of galaxies
closely matched the observational sensitivity and might be a selection effect rather
than a property of the galaxies themselves. Because of the limit imposed by the night
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sky brightness, he proposed that the population of galaxies that had been observed
in the local Universe might only make up a small fraction of the existing population.
Since 1976, there have been many optical surveys for galaxies that have turned
up large numbers of low surface brightness systems. Some of the searches were not
focused on finding low surface brightness galaxies but, in certain cases such as the
UGC catalog (Nilson 1973), many are turned up because of the method of detection.
The UGC was one of the first surveys to contain a large sample of low surface bright-
ness galaxies because there was no specified surface brightness or magnitude Umit set
for the survey, only a minimum size criterion.
Since the UGC, there have been many more surveys that were specifically designed
to detect low surface brightness galaxies. Most of these surveys were made using
photographic plate material (Bingelli et al. 1985, Ferguson k Sandage 1988, Ferguson
1989, and Phillips et al. 1987). These surveys were able to detect LSB galaxies down
to IJ.B ~25 mag arcsec"^ The POSS II plates improved the ability to detect these LSB
galaxies extending the detection limit down to ~ 26 mag arcsec"^ (Schombert &
Bothun 1988, Schombert et al. 1992) and to 27-27.5 mag arcsec"^ on the photographic
plates with various enhancement techniques that have been developed (Davies et al.
1988, Irwin et al. 1990, Bothun et al. 1991). More recent surveys have used CCDs to
detect galaxies to even lower isophotal levels (Schwartzenberg et al. 1995, Dalcanton
et al. 1997) and to utilize the red sensitivity of the CCDs to look for color biases in
the previous LSB studies (O'Neil et al. 1997). These LSB searches have uncovered a
diverse population of low surface brightness galaxies ranging from large disk galaxies
with low stellar densities, to a full range of dwarf galaxies from dwarf irregulars to
dwarf spheroidals. While they are often lumped together as a single class of galaxies,
LSBs are a very diverse morphologic group.
Amid these advances in the searches for LSB galaxies, Bothun et al. (1987) an-
nounced the discovery that Malin 1 is one of the most extreme low surface brightness
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galaxies known. This galaxy has become the prototype for galaxies with low stellar
surface densities, large physical sizes, and enormous amounts of neutral hydrogen.
The discovery of this massive (10" MJ low surface brightness galaxy renewed inter-
est in searching for these systems and in trying to understand their contribution to
the galaxy populations in the local Universe. Do these galaxies contribute a signifi-
cant fraction of the baryonic material in the local Universe? What do these galaxies
with such high gas mass and such low stellar densities tell us about the nature and
evolution of galaxies?
The shape of the low luminosity end of the luminosity function is often used to
determine the contribution of low surface brightness galaxies to the number and mass
density of the local Universe. The calculation of the faint end slope is notoriously
difficult and has led to different answers from almost every group that calculates it.
The problem is threefold; (1) the number statistics at the low luminosity end are
poor; (2) it is very difficult to determine the sensitivity of a given survey; (3) the
surveys have been done over a large range of environments that probably strongly
affect the shape of the luminosity function.
While LSB searches have produced a much greater understanding of galaxy popu-
lations in the local Universe, they are still biased by their very nature. These surveys
are still searching for galaxies with very low surface densities of stars by looking for
those stars. There are always large uncertainties when extrapolating from what has
been measured to calculate what has been missed. We must still ask: Are we missing
something? Could there still be a population of galaxies that we are not detecting
even using the deep imaging techniques of LSB surveys? Is there a significant popu-
lation of galaxies that have an even lower surface density of stars than what we have
detected or, perhaps, no stars at all?
The main goal of this thesis has been to quantify the population of HI-
rich galaxies in the local Universe. By studying galaxies at 21 cm, where
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we are completely unbiased by the stellar populations in the galaxies, do
we find a population that is missed optically? In addition we begin to
address the issue of the nature of galaxies detected at 21 cm and the
relationship between the gaseous and stellar populations in these galaxies.
The history of HI searches has been one of frustrations and serendipitous discov-
eries. For most of the early surveys, very few if any detections were made because of
this Umited scope and sensitivity.
Because the sensitivity and volume limits of 21 cm searches make it hard to detect
sources in a bUnd survey, many searches for galaxies have been in groups or near bright
galaxies. Lo k Sargent (1979) searched for galaxies in the vicinity of three nearby
groups and detected no unknown dwarf galaxies. A search by Materne et al. (1979)
also in groups proved equally unsuccessful turning up no new galaxies. Haynes k
Roberts (1979) also searched groups and found nothing in all but the Sculptor group.
In Sculptor they found 30 HI sources but because of the low redshift of this group
it is difficult to determine whether these sources are extragalactic or high velocity
clouds in the Milky Way. In 1981 Fisher and TuUy searched for previously unknown
sources in the M81 group but again found nothing. In a search of a small group
of IRAS selected galaxies Hoffman et al. (1992) detected 6 new dwarf galaxies in
the vicinity of these known IRAS sources. The Canes Venatici group was surveyed
by Kraan-Korteweg et al. (1999) resulting in 33 detections, all of which had been
previously detected optically. As part of a deep survey associated with the Parkes
multi-beam survey. Banks et al. (1999) surveyed the Centaurus A region and found
10 members in addition to the 21 that were already known. In a survey of the Ursa
Major region Verheijen et al. (2000) redetected the 19 known cluster members and
discovered 13 new HI sources.
In contrast to these searches in galaxy groups, there have also been several searches
for galaxies in voids. In 1984 Krumm and Brosch searched for galaxies in the Perseus
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and Hercules voids. As with many of the early searches for galaxies in groups, the
sensitivity was low and resulted in no detections.
In an effort to study the effect of environment on the HI galaxy population Wein-
berg et al. (1991) searched a region in the Pisces-Perseus supercluster, and one in
the foreground void. This search had greater sensitivity than many of the previous
searches and detected 10 previously unidentified dwarfs in the cluster region and none
in the void region, but it was still limited to the detection of sources with Mhi > 10^
Mq. Simpson k Gottesman (1993) performed a similar sampling of different envi-
ronments studying a void field, a cluster field, and an interaction field in the vicinity
of M81. As in the Weinberg et al. study, they did not find any new sources in their
void field and identified one tentative new source in the cluster field.
While most of these searches had been directed at regions of pre-specified galaxy
density, some of the serendipitous HI discoveries indicated that HI sources might be
found where they were least expected. Schneider et al. (1983) made a serendipitous
discovery of an enormous HI ring in Leo which, over most of its extent, does not show
any optical emission. In the highest density HI clumps associated with this structure,
there is no optical emission to fig ~27 mag arcsec"'^ (Pierce & Tully 1985). Giovanelh
& Haynes (1989), in a study of spiral galaxies, also made a serendipitous discovery
of "protogalaxy." This galaxy is 4 x 10^ (assuming a distance of 20 Mpc) and
originally did not appear to be associated with any optical emission. Subsequent
deep optical studies (Impey et al. 1990; Salzer et al. 1991) showed a small dwarf
galaxy associated with the peak of the HI.
Driven in part by these discoveries, there have been several recent efforts made to
search for Hl-rich galaxies in a completely unbiased manner. The first of these was the
survey of Kerr & Henning (1987) who scanned regions of constant declination near the
Galactic equator and then scanned a region away from the equator for comparison.
The survey turned up 16 galaxies, only one of which had been previously detected.
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Subsequently, Zwaan et al. (1997) and Spitzak k Schneider (1998) performed
"blind" 21 cm searches using the Arecibo telescope and covering similar volumes.
These surveys detected similar numbers of sources (-80) and in both cases approxi-
mately half of these sources were previously undetected. This was a huge step forward
in detecting a large enough Hl-selected sample to explore the statistics of these detec-
tions and to try to determine an HI mass function unbiased by optical measurements.
This thesis, as well as the ongoing Parkes (Kilborn et al. 1999, Webster et al. 2000)
survey in which the entire Southern sky is presently being surveyed, an associated
survey that is going deeper in regions deep in the Galactic Plane (Staveley-Smith et
al. 1998), and a shallow survey of the Northern sky that is also presently underway
(Henning et al. 1998) fall in line as extensions of these "blind" HI surveys that try
to improve the statistics of the preceding attempts.
The ADBS is one of the largest and most sensitive surveys to date. We were
able to achieve an rms of 3-4 mJy at a resolution of 32 kms'^ in only 7 seconds and
covered ~430 deg^ The ADBS covers substantially more volume than the deeper
Spitzak k Schneider (1998) and the Zwaan et al. (1997) surveys, and is much more
sensitive than the larger Parkes HIPASS survey (Kilborn et al. 1999). HIPASS will
cover the entire southern sky when it is completed, but it has a sensitivity of only
13 mJy at a resolution of 13.2 kms"^ and has trouble with the confusion of multiple
HI sources within its 14' beam. With the low sensitivity, the Parkes survey is able
to detect only low mass sources at very low redshifts where distances are difficult to
determine. A comparison between the volumes surveyed in these 21 cm studies is
shown in Figure 1.1.
In our attempt to perform a "blind" 21cm survey, we have compiled a list of 265
Hl-selected galaxies, approximately 1/3 of which have previously identified optical
counterparts. Identifying HI sources and calculating their statistical contribution
to the mass function provides a better understanding of the galaxy populations in
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the local Universe, but it is not a complete picture. In order to fully understand
the nature of these galaxy populations, we must use a multi-wavelength approach
to contrast our understanding of the gaseous properties of these galaxies with their
stellar component.
While there have been many studies of the HI properties of optically selected
samples, there has been very little work done on the optical properties of Hl-selected
samples. Zwaan et al. (1997) obtained optical images for all of the sources in the
AHISS survey, but only noted that all of the sources were detected and have not done
a thorough study of the optical properties. Spitzak k Schneider (1998) have done the
only deep, complete study of the optical properties of Hl-selected galaxies. Spitzak
& Schneider have used their optical observations to show that the uncataloged HI
sources, which are usually low surface brightness, have fainter apparent magnitudes,
are bluer, and have higher M////L/ than the optically-selected sources. We make use
of the 2MASS data to evaluate the near infrared properties of the Spitzak & Schneider
(1998), Zwaan et al. (1997), and our own Hl-selected samples in comparison with the
properties of optically selected samples for which HI data are also available.
The combination of the HI and near infrared data allows us to examine the dif-
ferences between the stellar populations in samples selected by their HI and by their
stars. We also compare the near infrared profiles of the ADBS galaxies with the HI
profiles from the VLA. The profiles allow us to study the relationship between the HI
and near infrared sizes and surface densities. They also give us the means to examine
the fraction of the total mass of galaxies that is in gas, stars, and baryons.
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Figure 1.1 The volume/mass-sensitivity relationships of major HI surveys are shown.
The curves represent the total volume within which each survey would have been
sensitive to a hypothetical galaxy with a line width of 200 km s"^ of the given mass.
Green Bank surveys are shown by dotted lines, VLA by long dashes, Arecibo by short
dashes, and our Arecibo Dual-Beam survey by a solid line.
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CHAPTER 2
THE DATA
2.1 Introduction
We present the Arecibo Dual-Beam Survey (ADBS), a "blind" 21cm survey for
galaxies. "Blind" HI surveys provide a look at galaxy populations that is unbiased
by stellar populations. Many previous searches have tried to determine whether there
is a hidden population of Hl-rich galaxies. They have looked in voids (Szomoru et
al. 1996, Hulsbosch 1987, Krumm & Brosch 1984) in clusters (Banks et al. 1999,
Szomoru et al. 1994, Weinberg et al. 1991), in groups (Kraan-Korteweg et al. 1999,
Haynes k Roberts 1979, and Lo & Sargent 1979) and at random directions in the sky
(Kilborn et al. 1999, Spitzak k Schneider 1998, Zwaan et al. 1997, Henning 1992,
Fisher k Tully 1981). These surveys have not been able to convincingly determine the
nature of the population of low Hl-mass galaxies. Zwaan et al. (1997) and Spitzak k
Schneider (1998) undertook "blind" HI surveys, similar to the one discussed here, but
neither had enough low mass sources to make a strong claim about the shape of the
mass function. Schneider et al. (1998) combined the two data sets and found evidence
for a rise in the number of low mass sources, but the results are not definitive. The
HIPASS survey, with its coverage of the entire Southern sky, should also contribute
to our understanding of the HI mass function. The most recently published mass
function contains 263 galaxies, comparable to the number in this survey (Kilborn et
al. 1999) but only has 2 galaxies with Mm < 10^ M© (converting to Ho = 75 kms"^
Mpc'\ which is used throughout this paper). Although the debate about the number
9
of low HI mass sources persists, these galaxies certainly do exist. We detect 7 sources
with HI masses < 10« M^, almost as many as all of the previous "blind'' HI surveys
combined.
The ADDS is one of the largest and most sensitive surveys to date. Using the
Arecibo telescope we were able to achieve an rms of 3-4 niJy at a resolution of 32
kms-i in only 7 seconds and covered -430 deg^. The ADBS covers substantially
more volume than the deeper Spitzak & Schneider (1998) and the Zwaan et al. (1997)
surveys, and is much more sensitive than the larger Parkes HIPASS survey (Kilborn
et al. 1999). HIPASS will cover the entire southern sky when it is completed, but it
has a sensitivity of only 13 mJy at a resolution of 13.2 kms-^ and has trouble with
the confusion of multiple HI sources within its 14' beam. With the low sensitivity,
the Parkes survey is able to detect only low mass sources at very low redshifts where
distances are difficult to determine.
In this paper we will discuss the HI data and our efforts to quantify the complete-
ness and reliability of this sample. This is the first survey to use synthetic sources
to derive an empirical relation between the flux, line width, and completeness of the
survey. This will allow us to determine an HI mass function even if we do not under-
stand all of the circumstances under which sources are not detected. The HI mass
function will be discussed in Rosenberg & Schneider (in preparation; hereafter paper
II).
We also present the optical identifications of the ADBS sources from the Digitized
Sky Survey (DSS) images. We identify 81 Hl-rich galaxies that are not in optical
catalogs. Out of these 81 sources, 11 are not identified because they are heavily
obscured by the Galactic plane. An additional 11 sources are at high Galactic latitude
where there is no clear optical identification. In most of these cases, there is a hint of
nebulosity that might be associated, a possible background source, or a bright star,
but no convincing association. Even if these optical counterparts are associated, they
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are extremely faint relative to the mass of HI present. These 11 sources represent
the most extreme cases in the survey, but we detect many more sources that were
previously uncataloged because they are very faint.
We describe the survey in §2 and the VLA and Arecibo follow-up in §3. The data
and data tables are in §4 followed by a discussion of the completeness in §5 and the
properties of the sample in §6. The results of the survey are summarized in §7.
2.2 Observations
2.2,1 The Detection Survey
The goals of our survey are (1) to determine whether there are classes of galaxies
that have been overlooked previously and (2) to help tie down the HI mass function
with the larger number of sources in this sample. To achieve these goals a "blind"
HI survey needs to detect galaxies down to the lowest possible HI fluxes. At least
equally important is a detailed understanding of the survey limitations. The statistics
of previous surveys have been insufficient to definitively establish the shape of the HI
mass function at both the high and the low mass ends. To improve the statistics one
needs to cover a large volume of space. For a fixed total observing time more angular
coverage means less sensitivity but greater volume coverage for a given HI mass since
area oc t~^ but depth a t^/'* where t is the integration time per point. Therefore the
effective volume covered in a fixed observing time oc t~^/'*. This might suggest that
integration times should be made as short as possible, except that as sensitivity drops,
low mass sources are detectable at smaller redshifts where the distance uncertainty
becomes more significant and confusion with Galactic HI becomes a problem.
In trying to detect sources there is also a trade off between completeness and
reliability. As digging deeper into the noise improves completeness, but causes the
selection of more and more false sources. Likewise, eliminating narrow features that
appear to be interference will eliminate some narrow linewidth sources. A balance
11
must be achieved between the number of sources that can be verified and going
deep enough to detect some of the fainter sources. In the end, the importance is in
quantifying these selection effects. We discuss our completeness and reliability in §5.
There are many factors that go into determining which telescope is most suitable
for a given project including collecting area, beam size, and system temperature. The
sensitivity is proportional to the collecting area and inversely proportional to the sys-
tem temperature. The collecting area is also inversely proportional to the beam size,
so the decrease in beam size for a large telescope increases the time required to cover a
given area of the sky. If the system temperatures are the same, telescopes of different
sizes can cover the same area with the same sensitivity in equal times, however if the
beam size if too large then source confusion becomes a problem. Confusion may be
resolved later, but then it may be difficult to determine whether the galaxies would
have been detected independently. Fortunately, at the typical distance of sources
detected in only 7 seconds of integration, Arecibo's 3.3' beamsize is usually able to
distinguish neighboring galaxies.
During these observations, Arecibo was being upgraded and had limited mobility.
This was an advantage for this project because it made large amounts of telescope
time available for driftscan searches. Observing in driftscan mode is an efficient
method when the goal is to cover a large area on the sky and Arecibo is sufficiently
sensitive that useful depths can be reached in the time a source takes to drift through
the telescope beam. The lack of tracking also meant that two feeds could be used
simultaneously. We used the 21 cm and 22 cm circular polarization feeds, which have
now been replaced by the Gregorian reflector. These were located on opposite corners
of the carriage house and pointed 1.6° apart on the sky. Our ability to use two feeds
doubled the area surveyed, although it did require coarsening the velocity resolution
to twice that in the Slice Survey (Spitzak k Schneider 1998).
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One of the major challenges of any single-dish HI survey is to distinguish between
real sources and radio interference. We used three tactics to address this problem
while also increasing the volume coverage and improving the signal-to-noise: (1)
Comparing data from the 21 and 22 cm feeds taken simultaneously - the interference
usually enters through far sidelobes and appears in both feeds while real sources
appear in only one. (2) Comparing left and right circular polarizations in each feed
- the average of the two polarizations provides improved signal-to-noise while the
difference is an additional check for interference since it is often highly polarized. (3)
Observing each declination strip twice, on separate days, providing confirmation of
the source detections.
While the driftscan technique allowed us to cover a large volume of space rapidly, it
also gave us uncertainties of up to ~7' in the declination position because the sources
could be in the main beam or first sidelobe (or rarely farther out if the source was
very bright at 21 cm). The lack of declination information meant that the sources
needed to be reobserved to determine their positions and fluxes. We subsequently
foUowed-up the identifications at the Very Large Array (VLA) and at Arecibo (§3).
The Arecibo 305m telescope was dedicated to the ADBS for approximately 500
hours between December 1993 and February 1994. These data consist of ~300,000
spectra taken every 7 seconds and cover nearly 24 hours of time in each of 30 declina-
tion strips. The total sky coverage, shown in Figure 2.1, is approximately 430 deg^ in
the 3.3' main beam. In this figure each strip is surrounded by two thin lines showing
the positions of the sidelobes. The thick lines denote the regions covered twice while
the thin lines denote the regions of single coverage. The actual sky coverage is the
convolution of the sky coverage in Figure 2.1 with the beam shape. Figure 2.2 shows
this convolution for the beginning of a driftscan. The contours indicate the total in-
tegrated detection sensitivity at each position, normalized to unity along the beam's
center-line.
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The velocity coverage for the survey was -654 to 7977 kins-^ This coverage was
achieved over 512 channels in each of two polarizations for each of two feeds, totalling
2048 channels. The channel spacing was 16.9 kms-^ and the resolution was 33.8
kms~^ after Hanning smoothing.
2.2.2 The ADBS Data Reduction
The data reduction for ADBS spectra was a several step process which was run as
an external FORTRAN module to ANALYZ, Arecibo Observatory's data reduction
package. The data are driftscans and the adjacent spectra behave as off scans for
each spectrum. The resulting noise, after the data have been reduced, is 3-4 nijy.
We review the basic steps taken in the data reduction here:
(1) The total power in the spectra was adjusted according to the recorded power
counters.
(2) An average "off-source" spectrum was created from all of the spectra in a scan
(usually 300) after eliminating any outliers-either due to interference signals in indi-
vidual channels or continuum flux across all channels.
(3) Each spectrum had the "off" subtracted and then was normalized by it: {on -
off)/off.
(4) Synthetic sources were added so that they would go through the flattening pro-
cedure. The synthetic sources are discussed further in §5.
(5) The continuum emission was estimated from the total power counters for each
spectrum and then subtracted using the bandpass shape of each feed. The bandpass
is assumed to be Gaussian centered at 1408.5 and 1398.5 MHz respectively, with a
half-power width of 52 MHz for both feeds. These values were tested and adjusted
until subtraction gave a flat response.
(6) After excluding channels with strong signals compared to surrounding channels,
a linear fit was made to each spectrum and subtracted.
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(7) Two "off' scans were created from data on either side of each spectrum. These
"offs" consisted of 19 spectra separated from the "on" spectrum by 6 spectra. If
either of the "offs" produced an improvement they were both used. The idea was
to remove some of the longer time-scale problems (standing waves and interference)
that are matched in nearby spectra without removing the source.
(8) The spectra were Manning smoothed.
(9) At this point the baseline looked very flat in most cases but there were a few
exceptions where there was still low level waviness to the baselines. A final polynomial
fit was designed to eliminate these underlying variations while ignoring any regions
where there were rapid variations. A fifth-order polynomial was fit to each spectrum
excluding any regions where there was a change of 7 mJy (~ 2a) or greater over
a range of ~32kms-^ Tests showed that this yielded a highly constrained fit that
ignored weak, narrow signals, although it could reduce the apparent flux from wide,
weak signals, especially when they were near a bandpass edge.
(10) Images were Banning smoothed in right ascension.
The ADBS survey was analyzed both by-eye and using the SExtractor (Bertin
k Arnouts 1996) computer algorithm. In order to facilitate both of these analyses,
groups of 300 spectra were turned into two-dimensional grayscale FITS images. Fig-
ure 2.3 is an example of one of these images. The images are 601 rows high with
300 spectra from the 21 cm feed in the top half of the image and 300 22 cm feed
spectra, taken at the same time as the first 300, in the bottom half. The topmost
row of the image (row 601) gives the center velocity of each column or correlator
segment. The columns are broken into two sections; the first 512 columns represent
the 512 correlator channels averaged over the 2 polarizations, the last 512 columns
contain the absolute value of the difference between the polarizations used as an in-
terference check. There are some extra columns between the sum and difference of
the polarizations which contain information about the baseline fits for each spectrum,
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the strength of the continuum, and the spectrum coordinates so that the information
is easily available while searching for galaxies.
There are a few features to note in Figure 2.3. The first is that the prominent
black and white "candy cane" near the left edge of the image is the Milky Way. The
Milky Way emission does not subtract completely from the difference between the
two polarizations (located just to the right of the image center) probably because the
response to such strong emission is not always linear. The vertical stripes through
the averaged polarizations, which stand out better in the polarization difference, are
due to continuous interference which is variable in strength. The leftmost interference
stripe shows up in the polarization difference, but not in the averaged polarizations
because it is weak and fairly constant in strength. Momentary interference appears as
two blips, one in the 21cm feed and the other in the 22 cm feed. These blips are also
apparent in the polarization difference image. Other images occasionally show a wavy
background due to standing wave patterns set up in the telescope. In these regions,
galaxy detection is difficult but the measured RMS noise is also correspondingly
bigger. On rare occasions, there is such strong interference that galaxy detection is
impossible. We have identified two galaxies in this image which are marked with
arrows in Figure 2.3. These detections are average in brightness.
2.2.3 ADBS Source Identification
The two dimensional images (Figure 2.3) proved to be a good, albeit time consum-
ing, way to look at these 300,000 spectra. The images allowed us to easily identify
strong interference which showed up in both feeds and often persisted for several
spectra or would appear at the same wavelength a little later. Without this larger
scale view it also would have been easy to misidentify peaks in the standing wave
patterns as sources. Each image was looked at in tandem with its pair from a differ-
ent day. With two images, two feeds, and two polarizations at hand, the reliability of
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the galaxy identification was
-58% even for sources at a signal-to-noise of less than
7 (see §5 for full discussion of reliability). From the original ADDS data we selected
407 sources, 265 of which were later confirmed.
The identification of sources is a delicate balance between the need for clear-cut
selection criteria and the desire for both completeness and reliability of the sources.
Examining the data by-eye proved to be very effective in finding sources, but it can
be diflicult to quantify in terms of the selection criteria. We also used the SExtractor
neural network detection algorithm (Bertin & Arnouts, 1996) to automate the detec-
tion process and make it easier to quantify. These results are discussed in §4. The
first tests quickly proved that the automated procedure was not very good at provid-
ing a reliable data set given only a single image. Because of the noise characteristics
of the data, the program tended to find either myriad sources or none. The computer
algorithm was much more effective when applied to the data for which there were
two independent images. Cross-correlation of the detection positions dramatically
reduced the number of spurious computer-identified sources. For those images where
there was not a second observation, the human eye proved to be much more eflFective
at selecting reliable source candidates.
2.3 Follow-Up to the ADBS
2.3.1 The VLA Follow-Up
The first follow-up observations to the ADBS were made at 21 cm with the VLA
in D-array made in January 1998. With an allotment of 24 hours, it was impossible
to follow-up all of the ADBS sources so we opted to observe as many of the sources
with 2 ADBS detections and velocities less than 3000 kms"^ as possible. We took 10
minute snapshots of 99 of the ADBS galaxies. There were 78 sources observed with
velocities of less than 3000 kms"^ in this data set. Of the 99 sources observed, 90
17
were detected, proving this to be a highly reUable data set as expected for the sources
with two ADBS detections.
The VLA D-array was used for these observations because the sensitivity of this
configuration allowed us to detect our sources in a reasonable amount of time and pro-
vided good velocity resolution over a large field of view (31' HPBW). The synthesized
beam-width for this configuration was 44" and we observed at a velocity resolution of
20.5 kms-i. With 10 minute snapshot integrations we were able to achieve an RMS
noise of 1.35 mJy/beam at the primary beam center which is below the detection
limits of the ADBS unless the source was extended over more than about 7 beams.
The VLA also provides velocity field information which is unavailable with a single
dish observation.
The VLA data reduction was performed using standard AIPS methods. The
images were created and cleaned using IMAGR with natural weighting. The final
images were then primary beam corrected (PBCOR). The resulting sources were fit
using the Gaussian fitting routine JMFIT which determined the HI centers and sizes.
2.3.2 The Arecibo Follow-up
To refine the positions and fluxes for the remaining ADBS sources, they were
observed with the newly refurbished Arecibo telescope in July 1998, May 1999, and
August 1999. To determine the declinations and fluxes of our sources, we chose to
track the telescope at the detection right ascension and drive the telescope ±7.5' from
the driftscan declination. We will refer to this observation method as "DECscan"
mode. The telescope was driven in declination for a total of 3 minutes and spectra
were dumped every 10 seconds providing 18 spectra separated by 50'' The resulting
RMS sensitivity is 1.5 mJy. Figure 2.4 shows an example of the resulting data.
The flux was determined in each of the individual "DECscan" spectra and a
Gaussian was fit to the resulting function of total fluxes versus spectrum position as
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in Figure 2.4. The peak of the derived Gaussian gives the single-beam flux, and the
full width at half-maximum of the fit is a measurement of the galaxy size. The fit
center gives the improved declination position. The velocity width of the source was
determined from a composite spectrum made up of the sum of the spectra in which
the source was detectable.
For 10 of the survey sources (020045+2809, 024328+2035, 071028+2307,
084411+2208, 84504+0932, 113845+2008, 171634+2135, 180506+2308, 183229+2308,
231941+1011) the follow-up Arecibo "DECscans" confirmed the detections, but the
association with an optical counterpart in the DSS images was in question. For these
sources, an "RAscan" was performed that was identical to the "DECscans" except
that the telescope was fixed at the "DECscan" declination and was driven ±7.5' in
right ascension to improve the source coordinates. In most cases the tentative optical
counterpart appeared to be confirmed. The source coordinates in Table 2 reflect the
improved "RAscan" position.
A total of 378 sources were re-observed at Arecibo. Out of these 215 were detected,
31 had been previously detected at the VLA, and 14 sources were observed during
two of the Arecibo observing runs. Multiple observations of the same sources were
used to check the internal consistency of the data set (§6).
2.4 Data
Table 1 contains a list of the detection statistics for the Arecibo Dual-Beam Survey.
We identified 407 possible sources. The reliability of these sources was 78% when they
were covered twice and 42% when there was only a single coverage. Of the 265 sources,
184 have previous optical identifications.
Table 2 contains all 265 of the sources that were re-detected on follow-up. The
table contains the RMS of the detection scan or scans which is typically 3-4 mJy.
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The rest of the data in the table are the fluxes, line widths, and velocities from the
Arecibo and VLA follow-up observations.
Table 3 is a summary of the ADBS catalog identifications and the optical data
for these sources. This optical information is derived using SExtractor (Bertin &
Arnouts, 1996) on the DSS images. The red plates of the POSS II (Second Palomar
Optical Sky Survey) images were used when they were available, but for 48 sources
the red POSS I (First Palomar Optical Sky Survey) plates were used as noted in the
table.
SExtractor is a routine that first identifies sources in the image, extracts them,
and determines their physical parameters. The routine determines the positions of the
major and minor axes, and the total number of pixels exceeding la. The dimensions,
a and b, that SExtractor reports are the RMS of the intensity along each axis. We
determined the "size" of the the galaxy from the number of pixels within the 1-cr
level ellipse: Pixels = Trab-x'^ where x is the factor to scale from RMS to the major
or minor axis size. In most cases x was about 2.5. This sigma level seemed to best
correlate with the visible extent of the galaxies, particularly the ones with extended
low surface brightness regions.
Figure 2.5 shows a comparison between SExtractor sizes and UGC sizes. Overall,
the SExtractor measurements agree fairly well with the UGC values. We suspect that
most of the scatter is due to inconsistencies in the depth of the UGC measurement
since they were done by-eye on the POSS I, where the resolution is lower and where
the larger spacing between plates allowed for more variability due to vignetting. In
a few of the most extreme cases, the claimed UGC dimensions appear to extend well
beyond any visible emission from the galaxy.
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Table 3 lists only those sources with optical identifications in the NASA/IPAC Ex-
tragalactic Database (NEDM- Note that 9 of the identified sources come from low sur-
face brightness or dwarf galaxy surveys like the LSBC (Schombert et al. 1992), ESDO
(Eder et al. 1989), KK98 (Karachentseva k Karachentseva 1998), KDG (Karachent-
seva et al. 1996). There are also many larger low surface brightness sources in our
lists that were identified in the UGC catalog (Nilson, 1973), but missed by more
traditional magnitude-limited optical surveys. In addition, there are galaxies at low
Galactic latitude and therefore hidden behind our Galaxy's gas and dust that can not
be detected optically. 30 of the 39 galaxies with visual extinctions > 1.0 are not in
any of the optical catalogs.
2.5 Completeness and Reliability
Completeness is the percentage of galaxies detected in a given volume down to
a defined sensitivity limit. It is important to understand the completeness of the
survey as a function of its detection parameters because this relates the number of
sources found to the number of sources actually present. Reliability is the percentage
of sources initially selected that are subsequently confirmed. There is a balance
between completeness and reliability. The more sources selected from the original
data and the further into the noise one "digs," the better the completeness. However,
a larger fraction of the selected sources will be unreliable. Because of the telescope
time required for confirmation, these two must be carefully balanced.
For the ADBS data we determine the reliability for both the by-eye and automated
detection methods. The by-eye method proved to be much more reliable. Overall we
confirm 78% of the possible signals with two original detections and 42% for those
with only a single detection. The reliability is >70% for both single and double
^The Database (NED) is operated by the Jet Propulsion Laboratory, California Institute of
Technology, under contract with the National Aeronautics and Space Administration.
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detections when the signal-to-noise is above 7 but it falls to 57% for double detections
and 37% for single detections below this limit. While the reliability does decrease at
lower signal-to-noise values, especially for sources with only a single detection, the
statistics are still much better than with SExtractor. With SExtractor the reliability
was only 12% for double detection sources and uncovered no genuine sources not
already found by-eye.
In general, it is not possible to determine the completeness of a survey based on
the detections. It is often assumed that the sensitivity of a survey is determined
by the sources with the lowest signal-to-noise. Schneider et al. (1998) showed that
V/V^ai tests indicate that this sort of simple sensitivity cutoff does not adequately
describe survey completeness. To quantify the completeness of the ADBS we added
synthetic sources spanning the full range of galaxy linewidths and with fluxes varying
from undetectable to that of bright galaxies that we expected to detect easily. These
sources were given realistic line profile shapes and were all added to the data prior to
the reduction procedure.
We use the synthetic sources to determine completeness as a function of signal-
to-noise and to compare the results of our by-eye and automated detection meth-
ods. Figure 2.6 shows the percentage completeness as a function of signal-to-noise
for automated detection (solid line) and by-eye detection (dotted line). The figure
demonstrates the similarity in detection ability of the two methods, but there is a
small improvement using automated detection.
We use visual inspection in making our source lists because, though it slightly
decreases the completeness, it greatly improves the reliability. We note that all of
the by-eye detections that were confirmed were also detected by the automated algo-
rithm. We also ran a test in which we reobserved 25 randomly-selected SExtractor
detections. Out of these, 3 were also detected by-eye and were confirmed whereas
none of additional 22 possible signals were confirmed in follow-up.
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eTwo effects on completeness are apparent in these simulations. First, we confirm
that wide-line sources are not detected at S/N levels quite as low as narrovv-Une
sources when the noise is assumed to increase as w'-\ By assuming the effective
noise grows like which Schneider et al. (1998) adopted based on the V/V,„„,
test, a consistent shape for the completeness curve is found independent of profil
width. Second, with the statistics of several hundred synthetic sources, it is possi-
ble to characterize the behavior of the roll-off in completeness. It is apparent that
occasionally even high S/N sources are missed and some < 5a sources are detected.
These results are consistent for the two detection methods and will be important for
the determination of the mass function in paper II.
Figure 2.7 is another way of examining the completeness of the sample. The first
panel shows the synthetic sources. The detected sources are shown as filled gray dots
while those we did not detect are shown as open circles. The completeness line with a
slope of 0.75 and a "S/N" of 5 (using the formalism of Schneider et al. 1998) is shown.
The line represents a good fit to the lower limit of the detected points, but it does not
represent a 100% completeness limit. The apparent difference in the completeness for
narrower and wider sources is not a real one. In fact, the completeness above the
"S/N" = 5 line is 78% for all sources and 80% for sources with widths < 300 kms"^
The second panel in Figure 2.7 shows fluxes and line widths of confirmed real
sources in the ADBS (gray dots). The data represented here are the confirmed values
for the widths and fluxes adjusted for frequency response and the offset of the source
from beam center. We use these confirmed sources since they are of higher signal-
to-noise and therefore give a better indication of the true flux. We have eliminated
all sources with offsets greater than 2' from this plot because of the uncertainties
in the measured flux when sources are beyond the half-power beamwidth. These
uncertainties arise from the effect of small errors in the pointing and a lack of complete
information about the HI extent.
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Figure 2.8 shows the percentage completeness for the synthetic sources as a func-
tion of velocity. Notice the spikes in incompleteness near either end and in the center
of the velocity range. These correspond to the ends of the bandpass segments. The
baseline fitting at the ends of the segments is particularly prone to problems with
source subtraction because there is not baseline on either side of the feature to dis-
tinguish a source from a baseline "wiggle." There is the additional problem for real
sources in these regions that the sensitivity is falling off rapidly at the bandpass edges.
If we eliminate sources with velocities < 300 kms^^ (to deal with confusion with the
Milky Way too) and between 3100 and 3600 kms^^ the data are 82% complete above
our "5(7 completeness" limit.
The ideal check of completeness is to have a much deeper survey over the same
area of sky, with the same instrument, with which to compare one's results. Zwaan
et al. (1997) provide us with just such a comparison sample for a small section of
our survey. Their sample consists of ~ 10 hour driftscans at 2 declinations covered
repeatedly to achieve about 5 times the sensitivity of our survey (RMS noise = 0.75
mJy in 16 kms~^ channels). One of these strips, at ~23°, overlaps one of ours within
20'.' Because their data are much more sensitive, we can test our completeness although
small number statistics make it impossible to use these results for a detailed study of
sensitivity roll-off.
The triangles in Figure 2.7 are the Zwaan et al. sources; the filled triangles are
the sources we detect, the open triangles are the ones we miss. We have detected all
of the Zwaan et al. sources above the "S/N" = 5 line. There are two sources that we
pick up as a single source. They are plotted with the rest of the sources and one in
in the detectable region as defined by the plot so we probably would have detected it
on its own, while we probably would have missed the fainter one.
24
2.6 Properties of the Sample
2.6.1 Position Determination
Figures 2.9a and 2.9b provide an evaluation of the positional accuracy of the
ADBS, VLA, and "DECscan" measurements. We compare positions to the optical
centers when the optical association was clear or to the VLA positions when the as-
sociation was not. The optical centers were determined from the DSS images. Figure
2.9a shows the uncertainty in the RA measurements. The open histogram is the offset
between the detection positions and either the VLA or the optical positions. These
offsets have a standard deviation of 57", about half of the 105" separation between
spectra in the detection survey. The shaded histogram is the offset between the VLA
positions and the optical positions. These offsets have a standard deviation of 31"
This standard deviation is larger than expected from the measurement uncertainties
of the optical and VLA positions and may be partially due to asymmetries in the HI
distribution with respect to the optical emission.
Figure 2.9b shows the uncertainty in the original declination positions also using
either the VLA or optical counterpart positions. The open histogram is the offset
between the detection declinations and either the VLA or the optical positions. The
standard deviation in this distribution is 2.1' which is about two-thirds of the width
of the main beam, but there are several sources that are detected in the sidelobes
up to 7 ' from the VLA or optical centers. The sources with the biggest offsets are
all large galaxies that we catch the edge of. The shaded histogram shows the offsets
between the Arecibo "DECscan" positions and the VLA or optical positions. The
standard deviation in these offsets is 29", similar to the VLA positional uncertainties
(which are not shown, but are the same as for the right ascension). Figures 2.9a
and 2.9b demonstrate that the final positions have uncertainties of ~30" for the VLA
and "DECscan" coordinates, but 2.1' in right ascensions for sources that were not
re-observed at the VLA.
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Figure 2.10 is an example of why our detection method does not always determine
the best position for an object. The galaxy in this figure was detected in a slice that
passed to Its north. Because of the galaxy's position angle, the detection position
was too far to the east. The "DECscan" improved the measurement, but it was still
affected by the galaxy's position angle. For the larger galaxies, these positioning
problems can cause substantial errors.
2.6.2 Flux Determination
The flux measurement for a source will be underestimated if it is offset from the
center of the beam. As we have shown in §6.1, our initial ADBS positions are up to
7' from the galaxy center. Our follow-up observations have much higher S/N than
the detection scans because the integration time is longer and because the sources
are better centered. We have used several methods to evaluate the accuracy and
the internal consistency of the follow-up flux measurements. The crosses in Figure
2.11a show the fluxes of Arecibo sources measured in both July 1998 and May 1999,
showing the consistency of the measurements on 2 independent dates. The filled
circles demonstrate the consistency between an on-off and the original "DECscan"
value. To further test the accuracy of the flux determinations, we made "DECscan"
observations of several UGC galaxies for which there are high quality, single-beam
HI data in the literature. Figure 2.11b shows the relationship between our flux
determination and the literature values for these UGC galaxies. Overall, our fluxes
agree well with the literature values although a few of the literature measurements
are somewhat high. We reobserved three of the most discrepant sources with on-
oflF measurements and found values in better agreement with our "DECscan" fluxes
suggesting that our fluxes are not underestimated.
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2.6.3 Spatial Distribution
The ADBS survey covers velocities from 654 < v < 7977 kms-^ Figure 2.12
shows the distribution of HI sources with redshift. No sources were found at negative
velocities in the sample, and only three sources were detected with v > 7500 kms-^.
At low velocities, we avoided selecting high velocity clouds that were highly extended
in right ascension. We found a few candidate signals in this velocity range, but none
were confirmed. Figure 2.12 shows that the distribution of galaxies in velocity space
is fairly flat; this is probably due to surveying many different environments over a
large area on the sky which tends to smear the signatures of large scale structure.
The redshift-position distributions of the galaxies are shown in Figures 2.13 a and
b. We have broken the sample into a low declination region and a high declination
region and plot the redshift versus RA. The stars in the plot represent ADBS sources
that are overlayed on gray dots representing the RC3 (de Vaucouleurs et al. 1991)
sources. It is evident from these figures that, at least qualitatively, the ADBS sources
follow the structures defined by the RC3 galaxies. This is consistent with the findings
of Spitzak & Schneider (1998) and Zwaan et al. (1997) for their blind HI samples.
2.6.4 Optical Counterparts
The DSS provides us with a look at the optical nature of our survey sources. The
POSS I and POSS II sizes are comparable, although the relationship has a lot of
scatter. Sources with only POSS I images are footnoted in Table 3. We find a wide
range of optical properties for the galaxies detected in this survey. The galaxy types
range from average spirals with angular diameters from 15.5' (NGC 3628) to compact
galaxies only a few arcseconds across to galaxies that appear to be extremely faint
patches of nebulosity. Figure 2.14 shows a histogram of the angular sizes of the survey
sources. Some sources, like those with just a bit of wispy nebulosity and low Galactic
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latitude objects, were not measurable optically so they are not included. While the
mean size is -100", the majority of the sources are smaller than 70'.'
Table 4 lists all of the sources for which no optical counterpart was firmly iden-
tified. There are 11 galaxies with A, > 2 mag that are not discernible on the POSS
plates. All but one of these are in the Zone of Avoidance (ZOA) hidden by the gas,
dust, and stars of our own galaxy. The one exception is an unusual case of a source
at -34° latitude which is behind a very small dense clump of gas identified in the
Schlegel et al. survey (1998) to have an A, > 6 mag. There are also 11 sources in
the list which are not in fields of high extinction where an optical identification is not
obvious. Figure 2.15 shows the DSS images for 4 of these extremely faint or optically
ambivalent, in the case of 142335+2131, galaxies. We note that these 11 sources do
not include several other very low surface brightness counterparts where we feel the
match is unambiguous.
2.6.5 Masses
A thorough analysis of the HI and dynamic masses for the ADBS galaxies is left
for paper II, but Figure 2.16 shows the distribution of HI masses to demonstrate
the range of source types we detect. The masses are determined using the standard
conversion from flux, S:
Mhi = 2.36 xlO^-D^- J Sdv (2.1)
The distance, D, used to determine the HI mass is corrected by the potential
flow algorithm, POTENT (Bertschinger et al. 1990), or Vq for galaxies where the
correction was undefined. The sample contains sources ranging in mass from 2.3x10'^
to 1.5x10^° Mft. There are 7 galaxies with masses < 10^ M©, compared with 4 sources
in Spitzak k Schneider (1998) and 2 for Zwaan et al. (1997; assuming Hq = 75 kms"^
Mpc-i).
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2.7 Summary
The size of HI identified samples is growing with the contributions of Zwaan et al.
(1997), Spitzak k Schneider (1998), HIPASS (Kilborn et al. 1999) and this survey.
This driftscan survey has contributed a sample of 265 sources to the endeavor, 81 of
which were not previously cataloged. All of these sources have been confirmed and
have improved positions and fiuxes based on follow-up VLA and upgraded-Arecibo
measurements.
More important than numbers detected first optically or in HI is a thorough
understanding of completeness. To make an accurate assessment of the completeness
of our sample we have used synthetic sources which were incorporated into the data
prior to the data reduction. We are not 100% complete at any signal-to-noise level,
but we have developed a clear picture of the sensitivity roll-off.
We have evaluated the positional accuracy of the survey and find that the original
detection survey has a positional accuracy of ~1' in RA and ~2' in DEC. The follow-
up VLA and Arecibo scanning measurements improve the positions to an accuracy of
~30'' These positions have allowed us to measure the probable optical counterparts
in all but 22 cases, half of which are in the Galactic Plane.
Using the DSS we have examined the optical nature of the HI sources detected
in this survey and find a wide range of optical properties for the galaxies. There
are Messier objects, there are faint wisps of nebulosity, and there are 11 galaxies
completely enshrouded in the dust of the Milky Way so as to be indiscernible on the
DSS images. A second set of 11 sources have no clear optical counterpart or wisps of
nebulosity that may be associated.
The flux measurements for these galaxies are repeatable and are in good agree-
ment with values from the literature. The detection fluxes, and in a few cases the
confirmation fluxes, can be affected by the off'set of the galaxy from beam center par-
ticularly for large galaxies. There does not, however, appear to be any discrepancy
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between fluxes determined from our special scanning technique and standard on/off
measurements.
From a qualitative look at the spatial distribution of our sample of galaxies relative
to the distribution of sources in the RC3 (de Vaucouleurs et al. 1991), it is evident
that the Hl-selected sources follow the structures defined by the RC3 sample. This is
consistent with the findings of Spitzak k Schneider (1998) and Zwaan et al. (1997)
for their "blind" HI surveys.
The masses of galaxies in this survey range from 2x10^ M© to IxlQi" M©. We
find 7 galaxies with masses < 10« M© - almost as many as all of the previous "blind"
HI surveys combined. This data set, in conjunction with the samples of Spitzak &
Schneider (1998) and Zwaan et al. (1997), should help constrain the faint end of
the HI mass function. The larger number statistics and use of synthetic sources to
quantify our detection limits should prove extremely powerful in applying this data
to determining the HI mass function. Paper II will investigate the mass function as
determined by these galaxies in detail.
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Table 2.1. Detection Statistics
N 1 observation 2 observations
Total Linear Coverage 132.3 hrs 399.3 hrs
Suspected Sources 407 146 261
Not Confirmed 142 85 57
Confirmed 265 61 204
Cataloged 184 50 134
Not Cataloged 81 11 70
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Table 2.3. Optical Source Information
ID Opt. cat. name 1 A,; Diam ^ Ell ^ PA ^
000330+2312
000407+2234
000623+2347
000900+2348
001622+2237
002249+2310
002526+2136
003426+2436
003751+0838
003811+2523
004649+2134
011440+2708
014206+1235
014246+1309
014527+2531
014729+2719
014847+1034
015011+2309
015105+1235
015434+2312
015443+1033
015906+2523
020022+2434
020044+2809
020148+2632
020320+1837
020320+2345
020405+2412
020918+2534
022807+1935
022859+2808
023322+2034
UGC 14
UGC 24
KUG 0003+235
NGC 9
UGC 337
NGC 180
ESDO F540-04
ESDO F475-04
NGC 658
UGC 1200 3
UGC 1230
IC 1727
UGC 1268
UGC 1294
UGC 1314
LSBC F477-01
ESDO F685-07
UGC 1462
IC 1764
UGC 1510
UGC 1546
UGC 1538
UGC 1561
UGC 1648
NGC 935 3
UGC 1958
UGC 2032
108.8479
108.8361
109.8355
110.5862
112.4226
114.4323
114.9329
118.0211
117.2043
119.1644
121.5026
129.2796
141.7429
141.7314
137.9862
137.9526
145.0964
140.0824
144.8569
141.2767
147.1993
141.6537
142.3063
141.0223
141.9026
145.7422
143.4316
143.4377
144.2080
152.1288
147.7849
152.9130
-38.3574
-38.9910
-37.9313
-38.0365
-39.5372
-39.2270
-40.8636
-38.1087
-54.0786
-37.3788
-41.2759
-35.4502
-48.4122
-47.8338
-35.7655
-33.8985
-49.8188
-37.7510
-47.7283
-37.4084
-49.3008
-35.0137
-35.6845
-32.2591
-33.7190
-41.0354
-36.2317
-35.7533
-34.0635
-37.7363
-29.9767
-36.2856
0.406
0.287
0.710
0.403
0.379
0.253
0.293
0.135
0.240
0.130
0.134
0.247
0.194
0.200
0.477
0.340
0.517
0.469
0.303
0.469
0.491
0.528
0.505
0.263
0.316
0.325
0.381
0.362
0.325
0.823
0.576
0.475
102.675
60.010
56.604
78.439
42.926
30.229
23.963
50.813
126.776
38.700
38.463
53.476
175.100
124.038
60.156
333.036
86.773
45.526
80.921
34.931
51.559
83.242
88.731
60.015
70.216
43.730
118.698
90.083
140.072
69.318
59.006
0.392
0.408
0.631
0.577
0.583
0.285
0.339
0.191
0.320
0.203
0.140
0.114
0.523
0.238
0.691
0.673
0.308
0.587
0.221
0.237
0.432
0.223
-64.200
-41.800
-50.000
69.300
9.100
79.400
53.300
27.900
81.400
19.700
-78.700
55.400
-64.300
22.500
22.450
-43.800
-33.600
72.200
84.600
-38.400
-13.000
-71.300
0.475 -40.100
0.057 -52.900
0.277 -25.600
0.294 10.007
0.454 -17.200
0.657 -72.400
0.683 -37.300
Continued next page.
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Table 2.3—Continued
ID Opt. cat. name 1 L) A. Uiam ' Ell 1 PA 1
023323+2810
[KK98]0231+2221
148 .7772
-29..5261 0.,396 28.958 0. 159 o i .yuu
nnn<JJ.UUU
49 '^fin
023432+2234 152 .0522 -34.
.3997 0,,830 29.563 0.064
023622+2526 UGC 2082 150 .8981 -31.
.6612 0,,789 265.203 0.825
024328+2035 155 .4346
-35..1039 0,,508
025537+1938 158 .9976 -34.
.3980 /?D..438
025726+1008 UGC 2432 166 .5725 -41.
.8142 1.,484 63.203 0.432
-58.400
025749+1110 UGC 2437 165 .8104 -40.
.9380 1.,439 90.849 0.258 -57.600
025942+2514 NGC 1156 156,,3053 -29..1902 U..982 169.784 0. 380 -41.000
030525+0835 169,.9309 -41.,7424 11..oo4 54.607 0. 293 -89.800
030546+2212 UGC 2530 159,.5943 -30.
.9379 11
.
71 Q 78.822 0..573 -53.200
031420+2409 160,.1302 -28.,2083 U,.oyy 48.008 0,,357 -16.200
032327+1109 FGC 417 171..9550 -36..8555 z..ooy 79.529 0..817 89.200
033112+1410 171.,1168 -33 ,3654 11,.440 69.782 0..634 71.000
033456+1507 FCG 0436 171..1146 -32 ,0442 1 .4o ( 60.657 0,.781 81.100
034444+0833 178.,7685 -34 .9138 i 1 na
. iUD 51.418 0,.119 -64.000
040325+2034 172..2278 -23 .4100 nu .yzo 29.140 0 no 1 -11.700
040344+2209 IC 357 171,,0528 -22 .2556 1i .004 84.576 0,.031 -57.200
040411+2207 UGC 2942,2943 ^ 171..1521 -22 .1986 i A^ A.414 120.520
040731+2210 171..7014 -21 .6172 11 QQ/I.yy4 31.781 0 .434 26.300
041255+1328 179..7276 -26 .4704 9z A 'XC\.4oU 40.966 0, O 1 /I.314 85.800
041336+2528 UGC 2988 170..1745 -18 .3243 oz .341 153.750 2 0,,762 -83.600
043622+1309 183..8937 -22 .2010 1 .746 68.006 0,,516 -35.800
043649+2409 174..8698 -15 .2721 4 .398 52.163 2 0,,592 -67.100
044310+1010 187..5671 -22 .6143 1 .291 15.619 0,.159 -85.300
044753+2346 176..8130 -13 .5452 3 .249 2
045254+2310 KDG 047 178.,0233 -13 .0049 2,.352 61.236 2 0,,429 -70.600
051733+1934 184.,4261 -10 .4361 2,.437 68.889 0,,767 -53.200
053017+2233 183,,5587 -6.,3132 1..768
053522+1332 191.,9252 -10..0835 2.,301 54.341 0.,618 69.100
053844+1508 190. 9760 -8..5625 2.,212 63.751 2 0. 523 -11.700
055452+1509 192. 9485 -5..1948 1.,379 2
055517+2526 184. 1012 0.,0552 4.,287
Continued next page.
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Table 2.3- Continued
ID Opt. cat. name 1 uD A,. Diam Ell ' PA 1
060719+1936 190.5495
-0.4254 6.776 ... 2
060733+0932 199.3994
-5.2488 2.210 ... 2
061543+1110 198.9228
-2.7069 3.419
061729+2807 184.1691 5.6839 2.313
062054+2008 191.6047 2.6385 3.416
062103+2010 191.5948 2.6818 3.671 26.436 0.549 57 100
062302+1108 199.7957
-1.1372 4.506 47.630 0.620
-70.400
063549+1107 201.2595 1.6357 6.332 ... 2
063603+1109 201.2648 1.6983 7.149 2
065008+2009 UGC ^558 ^JtJOO 194.7077 8.7645 0.518 90.000 0.200 40.000
065406+0834 205.5894 4.4852 0.944 35.863 0.673 -22.200
065718+1332 UGC 361
3
201.4751 7.4037 0.586 65.767 2 0.212
-10.400
070920+2038 NGC 2349 196.2028 13.0477 0.311 76.017 0.307 5.300
071028+2307 193.9724 14.3039 0.262 22.216 0.349 68.700
071225+2342 UGC 3737 193.6053 14.9444 0.265 47.362 0.177 35.900
071352+1031 UGC 3755 206.0124 9.7174 0.384 114.036 0.426 66.200
071553+1207 UGC 3775 204.7751 10.8579 0.466 47.100 0.339 -56.200
071831+2709 UGC 3791 190.8533 17.5460 0.309 80.272 0.777 -72.800
072502+2348 NGC 2370 194.6968 17.6375 0.258 103.136 '2 0.477 -42.300
072507+0931 UGC 3839 208.1698 11.7694 0.253 70.030 0.129 -63.100
072858+2035 UGC 3873 198.1598 17.2329 0.220 121.147 2 0.705 50.000
073445+2234 UGC 3916 196.7852 19.2352 0.262 63.513 0.670 0.000
073533+1131 UGC 3924 207.4541 14.9470 0.130 60.964 '2 0.237 39.600
081538+2107 202.0043 27.5528 0.144 35.617 0.311 20.500
081617+2308 KUG 0813+232 199.9255 28.3799 0.261 38.967 0.130 22.000
081707+2433 198.4606 29.0247 0.169 27.505 0.270 52.400
081726+2110 CGCG119-028,-030 ^ 202.1274 27.9600 0.172 120.300 0.593 30.000
081821+2431 IC 2271 198.6029 29.2776 0.144 27.808 0.131 43.800
081904+2111 UGC 4329 202.2599 28.3215 0.231 99.910 0.175 24.400
081915+2030 NGC 2558 202.9930 28.1277 0.217 128.021 0.311 67.900
081926+2345 IC 2288 199.5310 29.2640 0.161 43.165 0.443 -24.000
082430+1835 NGC 2581 205.5298 28.5942 0.245 75.694 0.270 -89.900
Continued next page.
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ID Opt. cat. name 1 A, Diam Ell PA
082551+2807
083209+2233
084025+1834
084316+1305
084411+2208
084427+0930
084504+0932
084743+1325
084804+2519
085751 + 1230
085927+1108
085953+2109
090024+2536
090102+1105
090129+2110
090143+1105
090240+1306
090526+2533
090544+2532
090548+2526
090552+2520
093314+2307
093704+0932
093805+0931
094040+1205
094259+0929
094641+2407
094744+2343
095413+2806
100352+1105
100500+2132
100508+2207
UGC 4395
NGC 2599
UGC 4550
UGC 4565
UGC 4599
UGC 4694
UGC 4712
UGC 4722
NGC 2725
NGC 2728
CGCG 061-047
UGC 4764
NGC 2750
VV 553
NGC 2939
UGC 5189
UGC 5246
UGC 5431
UGC 5433
195.1943
201.9411
207.1396
213.3813
203.4772
217.2622
217.3114
213.5384
200.0860
215.7307
217.4115
206.0640
200.6976
217.6538
206.1878
217.7484
215.6379
201.1602
201.1975
201.3291
201.4525
206.6046
224.3853
224.5623
221.8617
225.3679
206.3807
207.0575
200.8991
226.8025
212.0422
211.1413
31.9541
31.6418
32.1027
30.6420
34.1423
29.4009
29.5464
31.7673
35.9458
33.6471
33.4289
37.2863
38.7005
33.7645
37.6468
33.9118
34.9687
39.7809
39.8452
39.8320
39.8224
45.2457
41.0036
41.2176
42.9494
42.2649
48.4794
48.6094
50.9531
47.5546
51.8495
52.0485
0.134
0.149
0.115
0.212
0.166
0.268
0.265
0.135
0.158
0.144
0.130
0.103
0.170
0.130
0.127
0.149
0.149
0.161
0.150
0.153
0.160
0.174
0.156
0.165
0.127
0.118
0.158
0.147
0.085
0.146
0.143
0.176
100.139 0.843 64.700
129.736 0.123 23.700
33.434 0.419
-63.900
145.960 0.769
-86.100
63.547 2 0.639 24.600
87.500 0.244
28.978 0.455
55.252 0.376
65.080 0.684
39.149 0.647
129.272 0.798
63.284 0.182
35.450 2 0.252
67.441 0.310
69.600 0.669
69.862 0.352
24.330 0.458
127.052 0.336
51.177 20.161
47.301 0.609
164.324 0.705
43.044 0.149
82.192 0.523
38.741 0.053
54.009 0.232
22.319 0.218
23.489 0.280
73.498 2 0.812
38.231 0.669
5.300
-60.100
-7.500
39.100
-76.400
-60.800
-67.600
1.000
-40.300
47.700
-58.500
-28.100
40.000
-50.400
-68.700
65.100
-82.900
84.100
-75.000
40.600
-38.000
-23.100
-43.400
-52.600
Continued next page.
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ID Opt. cat. name 1 A, Diam Ell PA
100735+1306
101421+2207
101636+2107
101903+2209
102055+2009
102517+2007
102714+2531
102830+1933
102922+2605
103143+2518
103439+2305
103542+2607
103937+2519
104208+2344
104310+1330
104702+2632
104722+1404
104829+1232
104916+1226
104954+1309
105204+1008
110331+ 1107
110710+1834
110742+1933
111027+1007
111032+1932
111341+2131
111852+1305
112020+1259
112026+1334
112134+2010
112914+2035
LSBC D637-18
UGC 5524
NGC 3177
LSBC D568-04
UGC 5675
NGC 3251
UGC 5716
CGCG 124-041
NGC 3323
UGC 5825
CGCG 065-090
UGC 5884
NGC 3377A
NGC 3389
CGCG 066-029
NGC 3433
UGC 6122
UGC 6171
UGC 6181
CGCG 067-022
UGC 6258
M 65 ^
M 66 ^
NGC 3628 ^
NGC 3646
HCG 054
224.7410
212.1387
214.0318
212.6096
216.1665
216.8015
207.4807
218.2057
206.5737
208.2347
212.7011
206.9805
208.8857
212.2612
230.9371
206.9529
230.9628
233.7223
234.0696
233.0464
238.3267
239.9609
227.0584
225.0637
243.6581
225.7106
221.7545
241.3064
241.9834
240.9270
226.8204
227.7299
49.2862
54.0940
54.3056
55.1502
54.9673
55.9270
57.7583
56.4503
58.3360
58.7107
58.8706
59.7423
60.4654
60.6953
57.1287
62.3156
58.2887
57.7463
57.8559
58.3662
57.1659
60.0210
64.5650
65.0682
60.7647
65.6798
67.0774
64.2116
64.4389
64.8072
68.3144
70.1306
0.163
0.097
0.096
0.140
0.099
0.076
0.078
0.091
0.112
0.073
0.093
0.100
0.105
0.099
0.151
0.136
0.149
0.117
0.118
0.144
0.131
0.084
0.095
0.103
0.093
0.099
0.083
0.107
0.143
0.117
0.103
0.088
35.799 0.133
144.790 0.809
97.767 '^0.172
17.716 0.455
42.002 2 0.024
24.824 '2 0.654
51.580 0.549
65.994 2 0.307
143.155 0.743
56.544 0.268
34.390 2 0.367
47.099 2 0.252
79.043 2 0.459
79.790 2 0.470
45.828 0.162
80.198 20.363
123.628 20.059
189.875 0.551
84.038 2 0.526
22.985 0.304
154.335 0.033
51.701 0.073
141.057 0.672
80.255 0.240
61.952 0.469
22.904 0.201
124.276 0.727
570.000 0.758
540.000 0.556
930.000 0.710
240.631 0.796
93.776 0.583
-74.500
-47.000
46.500
-85.900
-88.400
66.500
26.400
51.700
-36.400
-87.200
-69.300
88.600
83.500
3.100
-60.900
7.505
-16.500
17.000
62.900
-1.300
-46.200
-15.000
-19.700
55.900
27.400
-3.300
88.100
84.000
83.000
14.000
-34.500
-11.200
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ID Opt. cat. name 1 A, Diani Ell PA
112949+2207 UGC 6495 223.5680 70.8177
113115+2530 213.5714 71.9793
113119+2306 UGC 6509 220.9908 71.4485
113816+1206 NGC 3773 250.5611 67.2032
113845+2008 231.8367 71.9729
114101 + 1128 NGC 3810 252.9524 67.2299
114227+2007 CGCG 097-068 233.1824 72.7404
114921+2607 NGC 3902 213.5561 76.0989
115004+2628 NGC 3912 212.1673 76.2997
115040+2531 216.2193 76.2989
115840+2519 NGC 4018 218.6462 78.0346
115843+2506 219.6282 78.0045
115906+2428 UGC 6980 222.7423 77.9317
120033+2004 NGC 4032 241.4272 76.3882
10/^11f^ 1 1 J /•-, /-»120112+1406 IC 755 258.4527 72.4837
120351+2525 UGC 7040 219.2949 79.2047
121206+2518 KUG 1209+255 222.3634 80.9978
121233+1207 IC 769 269.7556 72.4447
121437+1205 VCC 113 271.2616 72.6674
121514+1259 NGC 4206 270.2283 73.5197
121516+2038 NGC 4204 249.1161 79.5013
121555+1308 NGC 4216 270.4727 73.7344
122126+1130 NGC 4294 277.2148 72.8563
122140+1130 NGC 4299 277.3932 72.8798
122647+1133 IC 3356 281.3473 73.3850
123119+1129 IC 3446 285.1534 73.6688
123352+1510 NGC 4523 283.1887 77.3697
123546+2801 NGC 4559 ^ 197.6487 86.4182
123606+2602 NGC 4565 ^ 229.6147 86.4040
124020+1031 IC 3638 293.4572 73.1912
124358+1307 NGC 4654 295.4579 75.8863
124412+1207 UGC 7906 296.1371 74.8933
0.092
0.085
0.077
0.117
0.095
0.189
0.085
0.085
0.090
0.092
0.092
0.092
0.087
0.149
0.136
0.093
0.093
0.140
0.123
0.137
0.143
0.136
0.144
0.140
0.132
0.185
0.171
0.075
0.066
0.128
0.112
0.107
53.860 0.093
48.896 0.386
129.736 0.881
94.300 0.174
20.976 0.369
236.043 0.355
69.943 0.437
91.650 20.312
142.187 0.535
54.849 0.678
106.467 '^0.705
15.423 0.469
61.508 ^0.512
112.200 0.140
151.328 0.850
72.348 2 0.502
36.061 0.357
155.445 0.394
25.245 0.142
311.213 0.825
152.785 '^0.312
549.706 0.811
191.143 0.607
109.770 0.085
39.149 0.419
48.250 0.407
119.767 0.077
600.000 0.500
912.000 0.868
50.261 0.069
311.939 0.523
59.773 0.409
-2.600
86.200
-12.000
70.500
-76.300
-69.700
13.600
-4.900
-89.600
60.908
71.000
75.600
40.500
88.500
55.000
-70.600
-2.300
-46.900
46.600
-88.500
25.600
-69.200
64.600
-12.700
-15.200
81.000
-61.400
60.000
46.000
52.400
29.000
41.700
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ID Opt. cat. name 1 A, Diam Ell PA
124516+2708
124820+0829
124930+2528
125029+2530
125145+2607
125156+1205
125223+2138
125411+2709
125711+2135
125850+1308
130030+1007
130543+2606
130619+1025
131051+ 1128
131652+1232
133643+0832
135822+2533
140122+1007
141342+1230
141449+2519
141453+1407
141556+2303
142335+2131
143307+1030
143523+0930
144842+1226
145050+2519
145647+0930
145931+2706
151612+1030
152144+2309
153438+1510
NGC 4670
NGC 4698
NGC 4712
NGC 4725
KUG 1249+263
NGC 4746
UGC 8011
NGC 4789A
M 64 ^'
CGCG 071-090
CGCG 071-096
CGCG 071-109
UGC 8255
NGC 5058
CGCG 073-051
HARO 39
CGCG 074-039
UGC 9104
NGC 5523
UGC 9117
UGC 9128
NGC 5666
LSBC D723-06
NGC 5762
UGC 9614
UGC 9644
UGC 9794
UGC 9825
NGC 5954 ^
212.2987
300.5386
288.2033
295.4332
307.0750
303.4085
305.2604
36.2505
316.5400
310.3550
310.5263
16.0459
315.4961
320.1256
326.3978
335.0063
30.7158
350.3592
359.7770
32.1141
3.3546
25.5710
22.9919
3.0472
2.1613
10.5989
35.8927
8.1179
40.3608
13.9654
34.7367
23.9024
88.6293
71.3534
88.2873
88.3589
88.9871
74.9553
84.5044
89.3882
84.3092
75.9049
72.8679
86.6495
72.9397
73.6998
74.2496
68.5523
74.9328
66.3180
65.8172
71.2341
66.6039
70.4629
68.3076
60.8680
59.8020
58.8757
63.2237
55.5895
61.5787
52.1245
55.8773
50.3127
0.064
0.111
0.071
0.051
0.043
0.154
0.163
0.037
0.159
0.159
0.118
0.062
0.116
0.110
0.135
0.118
0.068
0.121
0.122
0.081
0.129
0.098
0.123
0.117
0.136
0.142
0.139
0.152
0.162
0.175
0.228
0.210
88.423 0.151
253.478 0.443
136.227 0.591
213.301 0.345
44.885 0.388
158.371 0.716
84.654 0.539
63.766 0.200
660.000 0.454
67.582 0.249
59.450 0.213
32.209 0.052
62.840 0.237
96.056 0.224
63.546 0.180
57.331 0.290
55.867 2 0.583
62.935 '^0.246
73.031 0.299
267.543 2 0.762
117.931 0.538
88.600 0.240
78.318
50.127
108.265
50.006
71.759
72.257
179.448
60.908
122.686
0.249
0.573
0.301
0.785
0.220
0.083
0.742
0.138
1.200
78.100
72.100
-58.605
48.800
28.600
-48.300
-33.000
25.000
68.800
29.700
4.800
-6.500
1.000
-79.900
-16.500
-58.300
-76.000
-11.800
2.700
-86.106
-53.600
76.800
-12.800
37.400
3.300
88.700
-80.100
-52.000
63.300
Continued next page.
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ID Opt. cat. name 1 A, Diam Ell PA
153518+1203
153713+2009
154540+2805
154540+1230
154546+2033
155946+1831
160510+2032
160556+0830
161413+0932
161830+2210
163122+2010
163130+2005
163425+2132
163455+2034
164802+2133
171634+2135
172709+1132
173438+2533
173547+2533
174924+1834
175158+2134
175845+2533
180506+2308
181221+ 1836
181856+2708
183229+2308
184335+2007
184829+1835
192728+2012
202344+0832
210538+2709
211113+2809
NGC 5957
IC 4582
UGC 10014
UGC 10020
NGC 6052
CGCG 079-046
IC 1205
UGC 10327
NGC 6168
NGC 6186
UGC 10453
NGC 6368
UGC 10909
CGCG 112-052
IC 1269
UGC 11152
19.6925
31.6155
44.7757
22.0076
33.2251
31.9807
35.2999
20.2882
22.7239
38.7796
37.5056
37.4073
39.4643
38.3388
40.7478
43.3729
34.0286
49.2121
49.2931
43.3442
46.5877
51.2103
49.3639
45.6458
54.5258
51.9073
50.1916
49.2943
54.9276
51.6862
73.2988
74.9133
48.8003
51.5701
51.5992
46.7498
49.7973
46.0159
45.4753
40.4826
39.1578
43.0091
39.5406
39.4846
39.2977
38.8859
36.3003
30.0416
23.8733
27.4367
27.1908
21.7629
22.3325
22.3091
20.0941
16.7778
18.6598
14.2863
10.6904
8.9901
1.5309
-16.0982
-13.2717
-13.5480
0.186
0.247
0.125
0.213
0.230
0.226
0.329
0.243
0.252
0.374
0.272
0.281
0.201
0.329
0.205
0.225
0.656
0.307
0.318
0.320
0.385
0.358
0.488
0.513
0.540
0.513
1.141
1.379
14.801
0.521
1.063
0.526
137.411 0.069
42.095 0.761
99.729 0.699
65.120 0.254
119.565 0.034
37.756 0.280
61.984 2 0.283
59.460 0.596
53.010 0.055
82.394 0.756
146.122 0.747
45.526 0.520
123.642 0.361
108.587 0.827
25.891 0.142
31.772 2 0.570
211.506 ^0.770
74.847 0.478
37.191 0.334
34.118 20.290
93.213 20.220
42.546 2 0.393
30.076 20.314
104.971 2 0.502
36.868 0.340
8.300
-33.100
81.500
-50.800
65.600
-78.800
-86.500
-31.300
-5.500
42.600
20.900
34.600
-31.100
-40.600
-75.500
23.400
-49.100
73.800
26.700
-31.300
36.500
86.000
-75.900
52.800
67.200
29.765 0.537 -44.503
22.944 0.383 57.600
33.167 20.299 -51.400
Continued next page.
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ID Opt. cat. name 1
214731+2209
214813+2209
223744+2347
225557+2610
230433+2709
231941+1011
234042+2613
234734+1836
235121+2034
UGC 11813 ^
NGC 7137
NGC 7339
UGC 12340
NGC 7610
UGC 12732
UGC 12783
UGC 12812 3
76.3084
76.4299
87.4548
92.9427
95.4349
89.0243
103.7463
102.4902
104.4319
b Diaui ^ Ell 1 PA 1
23.6246 0.48 57.609 0.639 12.800
23.7414 0.599 124.449 0.031
-24.000
29.7232 0.160 231.018 0.750
-0.300
29.8913 0.461 22.440 0.055 51.600
29.9475 0.272 71.416 0.646
-16.800
46.5593 0.171 116.100 0.406
-12.900
33.9908 0.379 109.677 0.324
-61.900
41.7231 0.451 48.896 0.256
-22.700
40.1214 0.340 163.125
^Diameter ["], ellipticity, and position angle determined by SExtractor on DSS
images
2P0SS I image used because POSS II image was not available.
^Interacting galaxies for which we estimate the size of the whole system by eye.
^This detection might be associated with UGC 3376, but it is not clear.
^SExtractor was unable to fit this galaxy so the UGC value was used.
^This HI detection is far from the center of M64, but it lies along the major axis
and the VLA map shows an elliptical structure aligned with the major axis. This
is is probably a detection of an extremely extended HI envelope around M64. The
M64 parameters given are the UGC values.
^There is probably a second source slightly blended with this one at the same
right ascension, but at a higher declination. It is hard to discern how much this
other source contributed to the actual detection and if it could have been detected
independantly.
49
a;
o
bC
O M ;±
-Q
-13
o
a;
-£3
bO
o
o
">
fcuO
3
O
^ bO
. CI
M O
bo ;3
X5
O
•S
_bc _bX)
tin K K 8
.^'^
O
O QJ Oi
g r—
I
1^ E K
o; ojCCS
cti
Ph Dh Oh Oh
c3
o _
(-1 03
=!
O
CO
C3 1^ 0^
• '^
-LJ .
CO
O
o
Q 1I—I a;
c .s
O CO
CO cu
bC iS
cS 03
bO bO
(-1
bO bO
n ° O
+j
.-see
o
CO
CO
,ci3 03
+j +j +j
o u o
+J
o u o
Oj
o
CO (—
1
^ CM
^ CO
'co ^
'co
C
g3
<1
Q
C/3 m m CO CO CO CO CO CO CO CO CO CO CO CO CO CO CO COm m m cn m cn CO CO CO CO CO CO CO CO CO CO CO CO CO CO roppooooooooooooooooooon
fin Ph Oh a. CI. Oh Oh a. Oh a. a. &H Oh
CO <X) CO Ci 00 CO 0 CO CD CN CO LO 0 CO CO T—
1
1
—
1
CO 0 CO CO 00 1—1 1—
1
1—
1
CO CO CO CO CM 1—1 r-- 0CN LO CN CO CM r-- CM CO CO 1—
1
1—1 CN 1—1 1—
1
10 1— CO 000 CO CO 1—
1
\—
1
<o CN CO CN CO CO b-^ 0 0 0 CO CD 1—1 1—1
1—1
1
—
1
Ci
0 CN CN 00 CN '-r 00 LO CO CO CO CO 1—
1
CT)CO 00 LO CO LO LO 00 CO CO 00 LO 00 CN CD CN CO 0 0 0LO 0 T 1 LO CN 0 00 CO CO CM 0 00 CO
CN 1—1 CO LO CO 1— CN t-- CO CD CO CO 1—
1
LO 00 CO CN CO LO
CM 10 CO CO LO 0 10 CN LO CN 1—1 1—
<
05 00 0 00 1—1
CO
1
CO CO
1
1—1
1
1 1 1 CO CM CO CD 1—1 1—1
10 QO CO CO crs CO CO CN 0 00 00 CN 0 r-H 00 r-- LO CM0 CO CO CO 0 CN CO CO 1—1 0 0 0 0 0 CO CN CO 0 0 CO T—
00 0 <3i CO CN 10 to 1—1 00 0 1—
1
1—1 CN cn> LO 1—
1
CO 0 00 0
CN CN I—
1
CN CM 1—
1
CN 1—1 0 1—
1
CN CN 1— 1—1 CN 0 CN CN CN CN 1—
1
CN
+ + + + + + + + + + + + + + + + + + + + + +
00 CO CN CO CO CO I—
1
CN LO LO 00
CN CO LO 1—
1
I—
1
1—1 CO CN LO 0 1—1 0 10 CO CN CO CN CN0 CO LO 0 ^ >o b- b- LO 0 LO CO LO lO CO CN CO 000 ^ LO CO 10 LO 0 0 1—1 1—1 CN CO CO ^ 0 CN CO ^ CM
CN CN CN LO lO LO CO CO CO CO CO CO CO 00 00 00 00 000 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1—1 1—1 1—1 1—1 1—1
50
20 15 10 5 0
a(J1994)
Figure 2.1 The sky coverage of the ADBS survey. The thick hues show the areas
where the sky was covered twice. The thin Hues show where it was covered only
once. The narrow lines on either side of each coverage strip show the positions of the
sidelobes.
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Figure 2.2 A cross-section of the effective convolved sensitivity of the Arecibo beam
as it moves across the sky during a driftscan.
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Figure 2.3 An example of one of the FITS images created by stacking 300 spectra.
The X-axis represents the velocity, or distance, dimension while the y-axis represents
RA. The image is split vertically into the two feeds which are actually spectra of
different regions of the sky observed simultaneously. Along the horizontal, there is a
pattern in the center of the image which is where additional information about the
spectra has been stored. To the left of that, the data displayed are the average of the
two polarizations, while to the right the image is the absolute value of the polarization
difference.
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Figure 2.4 An example of "DECscan" follow-up observations, (a) Eight spectra (out of
18 total) in which a source was detected in a "DECscan." The y-axis is a measurement
of the flux of the source but each spectrum is off'set for display purposes, (b) The
flux in each of the 18 spectra. This function is fit with a gaussian to determine the
flux and declination of the source, as well as a rough measure of the HI extent.
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SExtractor Size
Figure 2.5 Comparison of SExtractor sizes and UGC sizes. The most errant points are
generally low surface brightness galaxies for which SExtractor terminates too early,
or for which the extent of the galaxy on the POSS I images, upon which the UGC
was based, was unclear.
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Figure 2.6 Completeness of the ADBS detection as determined by-eye (dotted line)
and by computer algorithm (solid line) using synthetic sources inserted in the data.
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Figure 2.7 The left-hand panel shows the relationship between flux and line width for
the synthetic sources inserted into our data. The gray, filled circles are the sources
we detect. The open circles are the sources we miss. The solid line represents the
completeness limit of the survey as defined in Schneider et al. (1998) with a S/N
constant of 5 and a slope of 0.75. The figure shows that even above the "completeness"
limit we miss 20% of the sources. The second panel shows the same thing for real
data. The filled dots are the sources detected in our survey. The filled triangles are
the sources from Zwaan et al. (1997) that we also detect. The open triangles are the
Zwaan et al. sources that we miss. The open triangles are 2 galaxies detected as one
in both our survey and Zwaan et al. We probably would detect the brighter source
by itself, but not the fainter one.
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Figure 2.8 A histogram showing the percentage of sources above our "completeness"
limit that are missed in each velocity bin.
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Figure 2.9 Positional accuracy of the ADBS detection survey, (a) The open histogram
shows the difference between the RA detection positions and the VLA or optical
centers. The filled histogram shows the difference in RA between the VLA and the
optical centers, (b) The open histogram shows DEC difference between the detection
positions and the VLA or optical centers. The filled histogram shows the diff'erence
between the "DECscan" positions and the VLA or optical centers.
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Figure 2.10 A demonstration of what can happen when determining the position
of a galaxy that is not aligned with a cardinal direction. The original driftscan
determined the incorrect right ascension and our "DECscans" do not provide any
additional information about the East-West location of the galaxy.
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Figure 2.11 ADBS flux measurement comparisons, (a) A comparison between the
Arecibo fluxes measured during each of the two Arecibo follow up runs is shown by
the crosses. The filled circles show a comparison between the "DECscan" flux and
an on-off measurement of the same source. (b) A comparison between the flux values
measured in this survey and the literature values for UGC sources that are cataloged
and have high quality Arecibo flux measurements in the literature. The symbols in
the plot refer to papers as follows: x Haynes & Giovanelli 1984, o Schneider et al.
1990, A Bicay k Giovanelli 1986, * Giovanelli et al. 1986, • Freudling et al. 1988,
Lewis 1987, and Giovanelli & Haynes 1989.
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Figure 2.12 Histogram of the heliocentric velocities for the galaxies detected in the
ADBS survey.
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Figure 2.13 The redshift distribution of the ADBS galaxies (black stars) relative to
RC3 sources (gray dots) out to cz = 8000 kms~^ (a) The declination range 8° to
18°. (b) The declination range 18° to 28°.
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Figure 2.14 Histogram of the SExtractor determined optical diameters from the DSS
images.
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Figure 2.15 The DSS images of 4 galaxies with faint, questionable optical counter-
parts. The images are centered on the ADBS position.
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Figure 2.16 Histogram of tlie HI masses of the ADBS sources.
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CHAPTER 3
THE HI MASS FUNCTION
3.1 Introduction
One of the main motivations for the Arecibo Dual-Beam Survey (ADBS, Rosen-
berg & Schneider 2000, hereafter Paper 1) was to determine the shape of the HI mass
function and, in particular, to determine the amount of mass tied up in low Hl-mass
galaxies. The answers to these questions are neither simple nor unique. In addition
to subtleties in determining the total effective volume in which the survey is sensitive,
the local density of galaxies affects the shape of the mass function. Our data indicate
that the field mass function is quite steep down to our effective sensitivity limit of
about 3 X WMq of HI.
The faint end slope of the HI mass function, parameterized by a Schecter function
with slope a, has been the focus of considerable controversy. Several studies have
indicated a shallow faint end slope of q;=-1.2 including several optically selected sam-
ples (e.g. Briggs k Rao 1993, Huchtmeier 2000), Hl-selected samples in high density
regions like the Canes Venatici group (Kraan-Korteweg et al. 1999) and Centaurus
A (Banks et al. 1999), and even some Hl-selected field samples (Kilborn et al. 1999,
Zwaan et al. 1997).
Some other studies indicate that the slope might be steeper in field samples. These
studies include early Parkes survey results that suggest a slope of a = -1.5 (Webster
et al. 2000), Kraan-Korteweg et al. (1999) who derive a slope a=-lA when their
sample was not restricted to Canes Venatici, and our analysis of two earlier surveys
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(Schneider et al. 1998) that suggested a faint-end rise similar to that found lor an
optical sample of field galaxies (Loveday 1997, Driver k Phillipps 1996).
Differences in the answers derived by these various groups can hv driven by astro-
physical differences as well as analysis differences. While the astrophysical differences,
in particular environmental differences, appear to be important, a significant source
of discrepancies between surveys is the analysis methodology. One of the most im-
portant aspects of the ADBS is that we introduced artificial signals throughout the
data stream so that we could accurately characterize our recovery rate. Most previous
surveys have relied on blanket claims of N-a sensitivity without demonstrating their
completeness at the quoted level. This accounted for much of the difference between
earlier Arecibo surveys we analyzed (Schneider, Spitzak, and Rosenberg 1998).
In § 3.2 we discuss, in detail, the method we use to determine the mass function.
In § 3.3 we discuss our determination of the completeness function for the ADBS
including the use of "synthetic" sources in this computation. In § 3.4 we derive
the field mass function for the ADBS In § 3.5 we examine the effect of difi"erent
assumptions made in the calculation of the mass function including our estimate of
the minimum velocity at which we can detect galaxies, our method of determining
distances to the galaxies, assuming a strict sensitivity cut-off rather than a roll-off in
sensitivity, and the differences between accounting for and not accounting for large
scale structure. § 3.6 is a discussion of the difference between the field mass function
and the cluster mass function. § 3.7 contains a summary and discussion of the results.
3.2 Method
In principle, determining the HI mass function is a straightforward matter of
counting galaxies of a given mass and dividing by the corresponding volume of space
within which they could have been detected. The complications in a 21 cm survey
arise because the sensitivity-volumes depend on a variety of factors: (1) Low-mass
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sources are detectable to only small distances, while high-mass sources are rare and
tend to be found primarily at large distances, so different parts of ihv mass function
sample different environments. (2) The sensitivity to a source depends on its line
width and shape, which are determined both by the internal dynamics of the galaxy
and its inclination to the line of sight. (3) Sources with large angular si/e may be
missed if their column density drops below a threshold sensitivity, although the large
extent may also provide more opportunity for detection in a sparsely sampled survey.
(4) The actual distances are uncertain because of large-scale peculiar velocities. (5)
The sensitivity does not vary as a simple inverse square law because of gain variations
across the bandpass. (6) The beam shape and sky coverage do not provide uniform
coverage over the entire survey area. Finally, (7) even after all other factors are taken
into account, the completeness of any survey is not described by a sharp cut off in
sensitivity, but rather a roll off near the nominal sensitivity limit. Although this
list is long, most of the details are well-enough understood that their effect on the
mass function can be quantified. These complications all have parallels in selection
effects of optical surveys, although sometimes working in opposite directions, and HI
observations have the advantage that there are essentially no corrections for optical
depth.
In order to characterize the HI mass function, we need to detect a sufficiently large
sample of sources in order to sample the different characteristics of galaxies in each
mass range. If we can then determine the total volume {Vtot) within the survey in
which such sources could have been detected, we can estimate their spatial density.
This "1/Vtot" method has been supplanted in many recent studies by the stepwise
maximum likelihood method, which divides out density variations. We will not use
the stepwise method here because it is based on the assumption that the shape of the
mass function is independent of density. We will argue later that the mass function is
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not independent of density so this is not the best choice of technique and simulations
indicate that the l/Vtot method is quite robust (e.g., Briggs 1997).
Two of the essential pieces of information for each source are the galaxy's inte-
grated HI flux, Shi, and its distance, D. The determination of the galaxy flux is
discussed in detail in paper 1. We use two methods for determining the distance in
this paper: vo/Hq where Vq is the heliocentric velocity corrected for the local group
motion (de Vaucouleurs et al. 1977) and Vp,,/Ho where v,„, is a distance determined
from the Bertschinger et al. (1990) large scale flow model. This model is useful
only for sources with velocities less than 6000 kms"^ that reside in regions where the
solution converges. There are also some regions where, for velocities less than 500
kms^S the solution is discontinuous for adjoining spatial positions. Because of these
problems we show the large scale flow model for comparison but generally use vq in
our calculations.
Knowing the flux and distance of each source we can compute the mass from:
Mhi = 2.36 xlO'^-D^-
J
Sdv. (3.1)
Several steps are required to calculate the volume of space within which each
source could have been detected:
(1) Our rms sensitivity was quite uniform at 3.45 mJy after our spectra were
Hanning smoothed to a resolution of 32 km s~\ except for occasional episodes of heavy
broadband interference, which occurred in about 2% of our observations. Since none
of our 265 sources were detected during these high-noise episodes, we have eliminated
them from consideration in the following analysis. About 31% of the survey area had
single coverage, and V/Vmax tests indicate that the eff"ective sensitivity was 15% lower
in these regions than in regions with double coverage.
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We determined the statistics for single and double coverage by eac h of the 21 and
22 cm feeds over different parts of the sky that we will be considering later.
(2) The sensitivity to sources decreased as their declination-offs(>t from the mid-
line of a drift-scan strip increased. The theoretical "integrated" beam of the survey
is shown in paper 1, but we also compared the original detection fluxes with the
true fluxes to directly determine the offset dependence. The flux underestimation is
well-described by the following relationship as a function of declination offset:
Rbearn = 1 + 0.28( A(5) ^ ^ (3.2)
The detection fluxes dropped to l/3rd their correct value at an off'set of 3 arcmin,
and 89% of our sources were detected within this distance. For our mass function
calculations, we limit our examination to galaxies falling within 3 arcmin and use our
empirical relationship to determine the limiting detection distance for each possible
declination offset.
It is interesting to note that we detected sources with oflFsets as large as 7 arcmin
with a gain of about 1/lOtli of beam center indicating that our survey area was about
0.5 steradians down to a sensitivity comparable to the Parkes survey. None of our
low-mass sources were detected this far from the center of our beam.
(3) The "mininumi detectable flux," Smm [Jy], was determined for each source
based on the "S/N" detection limit, A^^-, as defined in paper 1, the actual detection
line width, Wdgt, and rms noise a. As we found in our analysis of two earlier Arecibo
surveys (Schneider, Spitzak, & Rosenberg 1998), wide-line sources were detected with
greater diflficulty than implied by a nominal "5-cr" limit based on the baseline noise
statistics. We use the formulation from that paper with minimum flux depcMiding on
'^det' rather than the statistical prediction of w^et
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Srmn = AT, • a • 32 • (tU2o/32)°-^V(300/32)°-25
(3.3)
where a is in Jy, and 32 refers to our velocity resolution in kms"-1
Using a V/V_ test (§3.3), we find that a value of A^. = 8 gives the appropriate
value of V/V^a. = 0.5 for our sample. "8-sigma" may seem high, but it should be
noted that = 8 implies a fairly typical limit of 5-a, calculated in the standard
way, for narrow line-width sources.
(4) Another consideration in determining the maximum distance is the bandpass
response function. This was an especially strong function of frequency using Arecibo's
old line feeds, and differed between the two feeds. We tested the bandpass response
by examining the bandpass shape when observing continuum sources. We used the
standard observatory functional form for the frequency responsivity:
= g-('^-i'cen)V(52V{4-/op(2)))
(3.4)
where i^cen is the center frequency for the feed. For the 21 cm feed we determined this
to be 1408.5 MHz; for the 22 cm feed, 1398.5 MHz.
(5) For each velocity, position within the beam, and rms a source has a signal-to-
noise (S/N) value. For each value of S/N there is an associated value of completeness
for the survey. As sources approach the S/N limit of the survey there is a "roll-off'
in the completeness making the detectable volume smaller. To account for this effect,
the volume was multiplied by the completeness for each velocity, position within the
beam, and rms. In §3.3 we discuss the relationship between S/N and completeness
in detail.
(6) For each source we computed the total detectable volume by summing up the
volumes over both feeds, all rms values, beam positions, and velocities.
The mass function is the sum of (detectable volume)^' for all sources within a
given mass interval.
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3.3 Completeness
Completeness plays an important in role in understanding the selection character-
istics of a data set and is, in many ways, more critical than the size of the survey yet it
is often oversimplified. Given a data set with variable noise characteristics, detection
characteristics such as bandpass fall-off, and the added human variable for a survey in
which sources were selected by-eye, the sensitivity function may be fairly complicated.
The common assumption of a strict sensitivity limit may not be accurate (Schneider
et al. 1998).
We have extended the analysis of completeness from paper 1 to determine the
functional form with respect to signal-to-noise. We have used "synthetic" sources
with random positions, line widths and line strengths that have been inserted into
the data (paper 1). The source profiles were created to look very similar to observed
HI profiles. Figure 3.1 shows the relationship between completeness and signal-to-
noise for these synthetic sources. The dashed line is an error function fit to the
data:
The error function fit is what one would expect when Gaussian noise falls on top of
an underlying signal—some sources are pushed below the threshold while others are
pushed above it. Thus, there is not a sharp "detection limit," but a steady decline in
completeness, and it is inappropriate to use the faintest sources detected in a survey
as a measure of the sensitivity limit.
Much of the difference between mass function determinations comes down to the
claimed sensitivity limit. If a survey claims to be more sensitive than it is, the volume
within which it is sensitive to low mass sources may be greatly exaggerated compared
to high mass sources. This is because high mass sources are mostly bandpass limited,
so the exaggerated sensitivity does not affect their predicted detection volume, but
low mass sources may be detectable to only slightly beyond the minimum detection
velocity Vjmn (determined by such things as confusion imposed by local Galactic high
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velocity clouds). Thus if the maximum detectable distance overesti-
mated, the predicted detection volume, H..., cc (.f^ - v^J may increase much
more rapidly than even the cube of the distance-overestimation factor.
One of the best and only methods of checking the actual sensitivity limits is the
V/V^a. test (Schmidt 1968). The test predicts that on average sources should be
detected halfway into their detectable volumes so that V/H„„, = 0.5 on average.
The test can be biased by the presence of large scale structure, but for the regions
under consideration here, the bias is toward higher values of V/V^«, because the local
region is under-dense on average compared to surrounding regions. By contrast, our
examination of previous samples shows them to have overly low values of V/Vmax
(Schneider et al. 1998; Schneider & Schombert 2000).
Because there is not a strict sensitivity limit to the detection of galaxies in our
sample, we have carried out Monte Carlo simulations to determine what we would
expect the V/Vmax results to be. Figure 3.2 shows that with A^^ = 5, some sources
should be detected with V/Vmax > 1- The figure shows the cumulative fraction of
sources with V/Vmax greater than a given value, comparing our actual data with the
predicted distribution for simulated sources having added Gaussian noise. This again
confirms that the characteristics of our sample are statistically quite normal.
Because of the completeness roll off, the average value of V/Vmax should actually
be about 0.58. Through further simulations, we find that selecting a value for
such that V/Vmax = 0.5 gives back the proper normalization for the mass function if
we do not include the roll oflF in completeness but rather integrate as though there is
a sharp detection limit.
Figure 3.3 shows the run of V/Vmax as a function of redshift in our survey regions
based on optical galaxy counts (see Schneider et al. 1998 for the technique for deriving
this). The first figure shows that in the direction of Virgo, V/Vmax is high at low
velocities. This is because a sample limited to small redshifts will tend to have more
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galaxies at the h.gh end of .ts redsh^ft range thanks to the large over-densitv in
the Virgo cluster. We determined that this over-density strongly affected V/H„„,
out to 27° from the cluster center. Outside of that region, the V/V_ valuesZ
fairly steady, implying no significant over-densities at any one redshift that might
particularly bias our mass-function determination.
3.4 Mass Function
Figure 3.4 shows the mass function in detail for what we consider to be the "best"
set of parameters for the field galaxy mass function (only galaxies at distances greater
than 27° from Virgo or with velocities greater than 2300 kms^^ are included). We
examine the effect of changing these parameters in the next section. The figure shows
the histograms of the raw number counts for the 21 cm feed (dotted line) and the
22 cm feed (dashed line) separately as well as combined (solid line). In addition,
Figure 3.4 shows the mass function determined for the 21 cm feed (open circles),
for the 22 cm feed (open squares), and for the combined data sets (filled triangles).
The two feeds are independent measurements of the mass function since they survey
different regions of the sky and have different frequency response functions (§3.2).
The errorbars represent a 95% confidence interval. The 21 and 22 cm feeds are in
good agreement, indicating that the independent measurements are not influenced
by systematics due to the bandpass correction or large scale structure. The 10^ M©
point is an upper limit that is calculated by assuming that we had found one source
of 10^ Mq and line width = 50 kms~^ in each feed.
The solid line in Figure 3.4 is a Schecter fit with a = -1.2, the functional form
that has been found for several studies of optically selected samples or higher density
regions. This fit is clearly inconsistent with our data. The dotted line represents
the optical luminosity function proposed by Loveday (1997) that seemed to fit the
Schneider et al. (1998) data. In this case, however, the curve is clearly inconsistent
75
with the data. The dashed line represents a Schecter function with a=-lS. This
value is a bit higher than, but still consistent w,th what has been found in other field
surveys.
Figure 3.5 shows a contour plot of the chi square values for the Schechter fit to
the mass function. The levels indicated are chi square values of 11, 12, 13, 14, and
16. For this function which has 11 degrees of freedom, these values correspond to
standard deviations from the best value of 1, 2, 3, and 5 sigma. The plot indicates
that the slope is above a = -1.5 at ~5(7.
3.5 Variations in the Determination of the Mass Function
There are many pieces that go into the determination of the mass function and
there is not uniform agreement on which are the correct ones to use. We discuss how
the mass function changes as a function of each of these parameters and present our
justification for the selections we made in the previous section.
3.5.1 Minimum Velocity Cutoffs
In the previous section we applied a minimum velocity cutoff" to our sources and
to the detectable volume. We have selected the velocity of 100 kms~^ for our anal-
ysis because of our biases against low velocity sources. The main hindrance to our
detection of these sources is the Milky Way itself. In most regions of the sky there is
Galactic emission at velocities up to 60-100 kms"^ In addition, at these extremely
low velocities it can be difficult to distinguish between galaxies and the high velocity
clouds which we were trying to avoid. To remove this confusion we eliminate the
region less than 100 kms"^ It is possible that we could be aff"ected by these sources
of confusion, particularly the high velocity clouds, out to 300 kms~^ so we compare
the mass function as determined assuming a minimum velocity of 100 kms~^ with
a minimum velocity of 300 kms~^ in Figure 3.6a. Figure 3.6 shows the Schecter fit
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with
. = -1.2 (solid lino) arul tho Loveda, (1997) lunnnos.ty iunctun. (dash.d Hno).
The mass func:tion with a mininnun velocity of 1,),) k„.,s ' (solid line) is nearly indis-
tinguishable from one with a minimnm velocity of 300 kn.s ' (dashed line). The low
mass cutoff- has a very small effect on the shape of the mass function.
3.5.2 Distance Determination
In computing the. mass function and particularly in defining the low mass end, the
determination of distance is a significant factor. The low mass sources are detectable
only nearby where local veloc-ity flows can cause large, errors in thc> d(>ternnnation of
galaxy distances. There are several different mc^thods for determining distances to
nearby galaxies, each with its own drawbacks and problems.
Wo have chosen to use Vo as our primary determination of distance. This distance
estimate provides a correction for the local group motion (de Vaucouleurs 1977), but
it does not account for other large scale flows. For comparison, we have also calculated
the mass function using a POTENT (Bertschinger et al. 1990) corrected velocity as
the indicator of distance. Figure 3.6a shows the results for both of these calculations.
POTENT should be a better estimator of the distances of galaxies since it corrects
the velocities of galaxies, up to 6000 kms'^ using the local mass distribution. The
mam reason that we have opt(!d to use only the correction for local group motion is
that in some regions, at velocities < 500 kms"', there are discontinuities between
n(Mghboring peculiar velocities on the sky. Since these large discontinuities are clearly
non-physical, we have opted to use Vq as our primary distance indicator. The differ-
ences in the results are small, although we do get a slightly steeper faint end slope
using Vq.
In order to remove the most insidious distanc(> d(!termination problems from the
calculation of the mass function we will have to design surveys to search only for
galaxies beyond a few hundred kms~'. The difficulty in excluding this local volume
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IS one of sensitivity. For most surveys the lowest mass galaxies are only detected
nearby. For future surveys we will need greater sensitivity so that we can eliminate
those galaxies whose distances, and hence masses, are extremely uncertain.
3.5.3 Absolute Flux CutofFs
In determining the maximum detectable volume for sources, almost all surveys
assume that there is a strict sensitivity limit below which no sources are detected.
Nevertheless, it has been shown (Schneider et al. 1998, paper 1) that there is usually
a roll-off in sensitivity as that limit is approached. This roll-off alters the maximum
detectable volume and hence the mass function that is determined. Another pitfall
in surveys that use a strict sensitivity limit to determine maximum volume is that
often that limit is never tested to determine whether it is appropriate. Because of
the large number of factors that go into the selection of sources in an HI survey, the
sensitivity limits must be empirically determined.
Having gone through extensive tests of the sensitivity limit with the ADBS data,
we would now like to compare the mass function results that are derived taking
into account the roll-off in sensitivity, and the mass function derived using a strict
sensitivity cut-off. We have chosen to test the effect of applying a strict cutoff using
both a conservative and a non-conservative value. The dashed line in Figure 3.6b
shows a lOcr cutoff which, according to our completeness function in Figure 3.1, should
be a conservative limit. The resulting mass function appears to be much steeper than
what we get using the method describe above.
The steepening comes from the relationship between flux and signal-to-noise for
sources. In our analysis we have assumed that the effective noise grows as width°-^^
(Schneider et al. 1998). The assumption of a signal-to-noise limit that is independent
of line width is equivalent to assuming that the ability to detect sources is a function
of flux only. Lower mass sources generally have narrower line widths than higher
78
mass sources which means that they are higher s.gnal-to-uo.se than tlunr hne widths
would indicate. If the maxnnum detectable volume were calculated for a stric-t flux
cutoff, we would underestimate the detectable volume thus raising the mass function
at the low mass end. For the same flux limit, the opposite is true for the highest
mass sources which generally have larger line widths than the average and hence have
a lower signal-to-noise than their flux would indicate. The combined result of these
effects is the steepening of the mass function slope that we see in Figure 3.6b.
The dotted line in Figure 3.6b shows that the situation is even worse if the flux
limit selected is not a conservative one. In this case the mass function is still steep-
ened, but it is also severely underestimating the number density of galaxies in all
mass bins.
3.5.4 Large Scale Structure
A major concern in the determination of the mass function is the eff-ect of large
scale structure on the results. The range of densities covered in a survey can aff-ect
the mass function results. One way to deal with the issue of large scale structure is
to study a region of sky that is large enough that the eflPects of diff'erent environments
should cancel out. A second approach is to try to account for the density variations
in the surveyed region. For this survey we use a combination of these approaches.
The Arecibo Dual-Beam Survey covers a large swath of sky that includes within
it a section of the Virgo Cluster. The over-density in the cluster and in the local
supercluster, as well as any other structure in our volume, affects the mass function.
For the analysis we separate the Virgo Cluster sample, which includes anything within
27° of the cluster center, and the non-cluster sample. In §3.6 we take a deeper look
at the diflferences between these two mass functions. For the non-cluster sample the
eflFects of large scale structure should be minimized by the elimination of Virgo and
the large volume covered.
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We examine the effect of removmg the mflnence of large scale strncture on the
mass function usmg the method of Schneider et al. (1998). Figure 3.7a shows the
density of galaxies outside of Virgo (27° away or at velocities higher than 2300 kms-)
relative to the average density over the full redshift range of the survey. Although the
function does show some structure, particularly two peaks at 1000 and 4750 knls-^
the density enhancements are relatively small. Figure 3.6c shows the shift in the mass
function when we account for the effects of large scale structure in this region (dashed
line). As would be expected from such small density enhancements, the shift in the
mass function is small. To study the effect of this method on the data, we also apply
the correction to the Virgo cluster/local supercluster mass function. Figure 3.6b
shows the relative density in the Virgo region. Note that the density in the velocity
range of the cluster is nearly an order of magnitude higher than the density behind
the cluster. The effect of large scale structure on the non-Virgo mass function only
causes a minimal shift in the mass function. The cluster mass function, on the other
hand, has been significantly affected. The corrected Virgo Cluster mass function is
much flatter than the field mass function as will be discussed in § 3.6.
3.6 Cluster Versus Field Mass Function
The discussion in the above sections has concentrated on the shape of the mass
function for our "field" galaxy sample - the region greater than 27° from the center
of the Virgo Cluster. The region covered by these data includes over-densities due to
the Virgo Cluster and the local supercluster as well as lower density "field" regions.
In § 3.5.4 we discussed corrections to the data for large scale structure but those
corrections assume that the shape of the mass function is independent of density. In
this Section we compare the mass functions inside and outside of the Virgo Cluster
region. This comparison indicates that some of the discrepancies between the mass
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functions of different groups are a result of tl,e different densities that are l,eing
surveyed.
While a lot of time and energy are spent trying to derive the mass function, it
may be that there is no single mass function. There is evidence from optical surveys
that the mass function evolves with time (Lin et al. 1999, Sawicki et al. 1997). It
also would not be surprising for density to alTect the shape of the mass function. The
amount of gas stripping, evolution, and the merger rate of galaxies are all affected by
density. Stripping removes hydrogen gas from galaxies, evolution converts the gas to
stars and mergers take smaller galaxies and make larger ones thereby changing the
shape of the mass function.
The Virgo cluster mass function includes sources within the dense central region
of the cluster, which extends to -6° from the cluster center, and the flanking fields,
which show an elevated galaxy density out to 27°. A distance of 19 Mpc was assumed
for cluster galaxies within 6° of the cluster core. In order to compare the cluster
function to the non-cluster function we apply our large scale structure correction so
that the shape is not distorted by the density enhancement. Figure 3.6 shows that the
Virgo mass function was an order of magnitude higher than the field mass function
before being corrected for the over-density.
A comparison of the shape of the mass functions inside and outside of the cluster
regions is shown in Figure 3.6. The cluster mass function is much shallower than the
field mass function. The cluster function is consistent with a slope of a=-1.2 as found
in other surveys of over-dense regions. The number of galaxies in the Virgo sample
is small (37), but the results indicate a consistent explanation for the discrepancies
in the mass functions that have been computed by different groups.
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3.7 Summary and Discussion
We have carefully determined the effect of hne width, beam offset, the frequency
dependence of the telescope gain, rms at each point, and signal-to-noise on the de-
tectability of sources and we have used this information in the determination of the
mass function. Using the described method, we derive Schecter parameters of: c^.
0.007, log = 9.7, and a = -1.6 for galaxies outside of the Virgo Cluster region.
Inside Virgo the faint-end slope is flatter, a = -1.2.
In § 3.5 we showed the effect of changing the input assumptions on the data. The
largest effect is due to ignoring the roll-off in completeness and assuming a strict
sensitivity limit instead. This assumption is particularly problematic if the selected
sensitivity limit is too low. The other assumptions, such as minimum detectable
velocity, method of distance determination, and large scale structure corrections are
generally small (as long as there is not a large over-density in the field).
Studying the mass function independently inside and outside of the Virgo Cluster
region we find that the shape of the mass function depends on environment. In
particular the low-mass slope is shallower in higher density regions. This effect is what
might be expected in a cluster where a deep gravitational potential is a necessity for
a galaxy to retain its gas against the effects of ram-pressure stripping. In the cluster
environment, low mass sources may also be destroyed due to the increased merger
rate.
One of the important questions to be addressed by the determination of the mass
function is the relative fraction of the total HI mass contributed by galaxies of different
masses. Low Hl-mass sources dominate the galaxy population by number, but do
they contribute a significant amount of the mass? Figure 3.8 shows the mass density
represented by the galaxies in each of the mass bins (filled triangles) and the curves
for a = -1.2 (solid line), the Loveday luminosity function (large-dashed line), and for
a = -1.7 (dashed line). While the mass function we calculate falls off in its mass
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density contribution at smaller masses (a mass function with would he Hat),
it is not falling off very rapidly. This plot shows that the low mass galaxies found
in Hl-selected surveys represent an important contribution to the HI mass as well as
representing the majority of the sources by number.
The galaxy Malin 1, identified by Bothun et al. (1987), has been pointed to as
evidence that we might be missing a significant population of high mass, low surface
brightness galaxies. These galaxies are extremely difficult to detect with standard
optical techniques. HI surveys which cover large enough volumes are ideal ways of
looking for these galaxies since they are just as easy to detect as any other large HI
mass galaxy. The ADBS data confirm that we have not missed a large population
of these galaxies. While our statistics at the high mass end of the mass function are
still limited, they are good enough to demonstrate that the HI mass function is not
dominated by large numbers of high mass HI galaxies missed in optical surveys.
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Figure 3.1 The relationship between completeness and flux. This function was deter-
mined using the "synthetic" sources from paper 1. The solid line is an error function
fit to the data.
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Figure 3.2 The cumulative fraction of galaxies with V/Vmax greater than the given
value. The dashed line shows a Monte Carlo simulation and the solid line shows the
data.
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Figure 3.3 V/Vmax as a function of velocity for galaxies outside of the Virgo cluster
region for RC3 sources.
86
10" 10^ 108 108 10'° 10"
Mhi [MJ
Figure 3.4 The mass function as determined from the best selection of parameters.
The histograms show the uncorrected number counts for the 21 cm feed (dotted hue),
the 22 cm feed (dashed Hne) and both together (soHd line). The mass function for
the 21 cm feed (open circles), 22 cm feed (open squares), and both combined (filled
triangles) are also shown. The point at 10^ M© is an upper limit that corresponds
to one source in that bin with a line width of 50 kms"^ The solid curve represents
the Schecter fit to the Zwaan et al. (1997) data with a = -1.2, the dotted line is the
Loveday (1997) optical luminosity function scaled to M^, and the dashed line is a
Schecter fit to the combined mass functions with a — -1.64.
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Figure 3.5 A contour plot of the chi square values for the Schecter fit to the mass
function. The levels indicated are chi square values of 11, 12, 13, 14, and 16 for
this function which has 11 degrees of freedom. These values correspond to standard
deviations from the best value of 1, 2, 3, and 5 sigma.
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Figure 3.6 The effect of varying mass function parameters, (a) The effect of differ-
ent velocity measurements and cutoffs on the mass function as compared with the
combined feed mass function (solid line) from Figure 3.4. The dashed line that is
barely distinguishable from the default mass function is the change from a minimum
velocity cutoff of 100 kms'^ (default value) to 300 kms-^ The dotted line shows the
difference from using a POTENT (Bertschinger et al. 1990) large scale flow model to
determine the distances to the galaxies. The low mass end will also be affected by the
discontinuities in this model, (b) A comparison between the default mass function
and the determination from a strict flux cutoff determined from a conservative cutoff
level (lOcr) and a non-conservative value (3(7). (c) The effect of correcting for large
scale structure on the mass function. The solid line shows the default mass function
and the correction is the barely distinguishable dashed line;. The upper dashed line is
the uncorrected Virgo cluster mass function. The dotted line is the corrected Virgo
mass function. As we would expect, the correction is large in the Virgo cluster.
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Figure 3.7 The environmental dependence of the mass function, (a) Relative density
of galaxies in the Virgo cluster region, (b) Relative density of field galaxies defined
as ADBS regions at >27° from the center of Virgo or at velocities >2300 kms-^
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Figure 3.8 The mass density of galaxies in each mass interval. The solid line is the
Zwaan et al. (1997) a = -1.2 curve, the large dashed line is the Loveday (1997) curve),
and the small dashed line is the a = -1.6 fit to the data.
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CHAPTER 4
A STUDY OF GAS AND STARS IN AN HI-SELECTED SAMPLE
4.1 Introduction
Within galaxies, the process of turning gas into stars is one of the main pathways
for evolution. Color, luminosity, and gas-to-star fraction within the galaxies are all
altered. To investigate the statistical effects of galaxy evolution, the galaxy sample
must be carefully selected. Most of our understandmg of the relationship between
these global properties has been driven by studies of higher surface brightness galaxy
populations (e.g. Scodeggio & Gavazzi 1993; Huchtmeier & Richter 1985; Fisher &
Tully 1981). Recently efforts have been made to extend these studies to lower surface
brightness galaxies, (e.g. McGaugh et al. 2000, O'Neil et al. 2000, Sprayberry et
al. 1995) but these surveys are still biased by the stellar populations in galaxies. By
extending this study to Hl-selected samples we are reversing the galaxy selection bias
and selecting galaxies by their gas content.
To understand the relationship between the gas and stars in galaxies, we must
begin by reviewing the quantities that we measure. One of those fundamental mea-
surements is galaxy size. There have been several studies that have noted that the
HI size of dwarf galaxies is, on average, 3-4 times larger than the optical size (e.g.
van Zee et al. 1998, Huchtmeier et al. 1981). Because galaxy size can be completely
dependent on the method of measurement, we examine several different types of size
measurements in detail before comparing the relative sizes of the gaseous and stellar
components. In §4.4 we extend this discussion of average sizes of the stellar and
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gaseous components in an Hl-selected sample by taking a mo., ch.ailod look at tho
radial profiles of 83 galaxies from the ADDS for which wc have VLA D-arrav maps.
With these we examine the relationship between the gas and stars for specific cases.
In §4.5, 4.6, and 4.7 we discuss the global properties of the HI selected samples
relative to the optical LSB samples and the de Jong disk galaxy sample. In §4.8 we
discuss the Tully-Fisher relationship and then extend the discussion to the relationship
between galaxy luminosity and "total" mass.
4.2 Observational Samples
The primary samples for this study are the Hl-selected samples of the Arecibo
Dual-Beam Survey (ADBS, Rosenberg k Schneider 2000; hereafter paper 1), the
Arecibo Slice Survey (AS, Spitzak & Schneider 1998), and the Arecibo HI Slice Survey
(AHISS, Zwaaii et al. 1997). As comparison samples we also examine the low surface
brightness (LSB) galaxies from O'Neil et al. (1997), the LSB and dwarf sample from
Schneider et al. (1992, 1990), and the face-on disk galaxy sample from de Jong &
van der Kruit (1994).
The ADBS, AHISS, and AS surveys are all "blind" Hl-selected surveys using the
Arecibo 305 m telescope. For all three surveys, the detection data were obtained prior
to the Gregorian upgrade, but the follow-up data for the ADBS survey were obtained
after the upgrade or at the VLA in D-array. The ADBS and AHISS surveys were
both driftscan searches that allowed for rapid scanning of the sky, but also results in
large errors in the detection fluxes and positions for sources detected in the sidelobes.
The AS survey used a honeycomb search pattern which does not have the problem of
sidelobe source detections. In all of these searches the sources were detected purely
as a function of their HI content in by-eye searches of the spectra. The detection
characteristics of the AHISS survey are similar to those for the ADBS discussed in
Chapter 2. The AS survey is similar as well, except with regard to the survey pattern
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on the sky. The rms sensitivity of the AHRq i... q r i , .y i Ln Ulib is ~ 3.5 niJy, for the AHISS it is ~1 2
mJy, and for the AS survey it is ^1.4 mJy. The ADBS covered a much larger area of
sky than the other two resulting in 265 galaxy detections while the AHISS detected 66
galaxies and the AS survey detected 75 galaxies. The 2MASS data for these sample,
consist of 130 ADBS detections, 29 AHISS detections, and 55 AS detections.
The O'Neil et al. (1997) LSB survey is a CCD survey of galaxies with central
surface brightnesses 22.0 < ,.,(0) < 26.5. The survey covered 27 deg'^ m cluster
and non-cluster regions observed in B, V and in some cases in U, R, and I-band.
The galaxies in this surveys were by-eye detections of sources larger than 10 pixels
(13.5") in radius all of which were detected at both B and V-band. The follow-up HI
observations were made at the Arecibo telescope after the Gregorian upgrade.
The LSB/dwarf sample (Schneider et al. 1992, 1990) consists of all galaxies clas-
sified as late type ("Hubble" types of dwarf, dwarf irregular, dwarf spiral, Irr, Sc-Irr,
or S-Irr; de Vaucouleurs types of Sd-dm, Sdm, Sm, Im; or in the absence of one of
these classifications galaxies with van den Berg luminosity class of IV-V or V) in
the UGC. Excluded from the study were the high surface brightness and probably
early-type galaxies classified as Irr II or Irr 10. The resulting sample contains galaxies
that are either true dwarfs or larger, more luminous galaxies that are very low surface
brightness. The galaxies are all brighter than the surface brightness limits of the orig-
inal Sky Survey plates, ~ //b=25 mag arcsec-^ (de Vaucouleurs, de Vaucouleurs, k
Corwin 1976) and larger than the UGC size limit of 1'. These galaxies were observed
at the Green Bank telescope or at the Arecibo telescope prior to the upgrade.
The de Jong k van der Kruit (1994) sample consists of 86 undisturbed, face-on
disk galaxies. The galaxies were selected from the UGC to have minimum diameters
of 2', axis ratios larger than 0.625 at R-band, and Galactic latitudes above 25°. The
galaxies were selected from the UGC to have types of Si or SB 1 or later and of
Dwarf or earlier. Systems classified as SB3+CMP, DBL SYS, etc. were excluded
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wh,lo those sin.ply classified as type S or SB arc
.ncludcd. Out of the resuHn.,
.08
galaxies observing tin.c dictated the selection of the 80 sourc-es that made it into the
sample. This is the only comparison sample for whic.h there are not a c-on.plete set
of HI observations. The HI data discussed here are taken iron, the hterature <,ata
obtained at a variety of different telescopes (Hu< htmeier & Ric-hter 1989). While the
dc^ Jong data set inc hules near infrared measurements of these 86 galaxies, we restrict
ourselves to 2MASS measurements for consistency.
For all of the above samples we have usc.l the available 2MASS data as an indicator
of the stellar content m these galaxies. 2MASS is still in tlu^ process of taking and
reducing data so for some of the sources the data are not yet available. These data
that are not yet available should not bias the results of this study, but their lack will
degrade tiie sample statistics. There are also galaxies that are not part of this study
because they were not detected by 2MASS. The galaxies not d(>tected by 2MASS are,
in general, the lowest luminosity and lowest surface brightness sources and do bias th(>
sample towards the more luminous, higlun- surface brightness population. For many
of the missed sources, there is a detectable source on the full resolution coadds which
will eventually become available. The full resolution coadds will provide an important
extension of this work to lower surface brightnesses and will, for the faintest sources,
provide an upper limit.
HI is a measure of the gaseous content of galaxies. As the primordial constituent of
galaxies it provides a measurement of the material out of which stars are made. Along
with directly measuring the gas mass, the HI sjx^ctra i)rovide kinematic information
about the galaxies tliat allows us to estimate the "total" mass of the galaxy. Optical
and near infrared observations i)r()l)(> the stellar content of the galaxies. The near
infrared bands, being centered closer to the blackbody peak of the cooler stars, are
more sensitive to the low mass stars and K-giants than the optical bands. For the
same reasons, the near infrared is less severely affected by star formation in the galaxy.
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2MASS provides J, H, and K-band observations. The sensitivities, and hence the
leases, vary from band to band. For typical galaxy colors, the
.I-baiid data are the
most sensitive of the three so there are objects that are purely J-band detections. For
the objects detected only in
.J-band, the
.J-band apertures are then used to deter
a magnitude in the other bands. At H-band the data are strongly affected by airgl
due to the atmospheric emission from OH" ions. This airglow is responsible fo
large scale variation in the background surface brightness in these images, which ^
particularly troublesome for galaxy measurements. K-baiid, while the most useful f,
probing the stellar mass in galaxies, is the least sensitive for typical or "blue" galaxy
colors so there are sources not detected at K-band that are detected at .J. Because
we are primarily limited by the 2MASS sensitivity we focus on .J-band observations
in our analysis.
One of the most severe limitations on our investigation of the stellar properties
of an Hl-selected sample is the inability of 2MASS to detect low surface brightness
galaxies. In order to augment the 2MASS data for photometric comparisons, we use
the I-band observations of galaxies from Spitzak & Schneider (1998). Figure 4.1a
shows the relationship between the 2MASS J-band magnitude measured at the 21
mag arcsec~2 isophote and the I-band magnitudes measured at the 25 mag arcsec'^
isophote for the Spitzak k Schneider sample. The correlation between the I and .J
magnitudes is fairly tight for the Spitzak & Schneider data so we include the I-band
data in the pliotometric analysis with a correction to the magnitude indicated by
the least squares fit line on the plot. This color correction to the I-band magnitude
ranges from -0.4 to -1.3 magnitudes within the magnitude range of these galaxies.
The ec}uation for the correction is given by:
J2,e = 1.18x7,5 -3.28 (4.1)
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We do not .nclude the I-ba„d data from O'Neil et al. (1997) due to
.negulanties i„
the photometry for this data set a. can be seen in Fignre 4,1b. Th.s Figure shows the
comparison between the O'Neil et al. I-band n.agnitudes measured in a 5" aperture
and the 2MASS J^,, magnitudes.
4.3 Galaxy Sizes
Galaxy size is a very tenuous concept because it is extremely dependent on the
method and sensitivity of the measurement. Defining the size of a galaxy may be
meaningless. According to some observations and models the halos are at least 300
h-i kpc (Bartlett & Blanchard 1996), and hence are often overlapping. Having said
that, we must find ways to quantify the sizes of galaxies for comparison with other
galaxies and between their diflferent components.
In this section we will discuss the relationship between isophotal, scale length, and
half-light measurements. We will then discuss the differences that we find between
the sizes measured at optical, near infrared, and 21 cm wavelengths.
4.3.1 Scale Length, Half-light Radius, and Isophotal Size Measurements
Figure 4.2a shows the relationship between different measurements of size for two
model galaxies. Galaxy A is a spiral galaxy with a bulge that has an r^/^* surface
brightness distribution and an exponential disk with scale length a. Galaxy B shows
a pure exponential profile with no bulge component. Equations 4.2 and 4.3 define
the functional form of the curves in this Figure. For these two galaxies, the total
luminosity of A is larger than the total luminosity of B but they have the same scale
length, a and central surface brightness, fio- An isophotal radius that is defined
outside of the r^/"* region will also be the same for these galaxies. The half-light sizes
of these galaxies are diflferent, the purely exponential galaxy (B) has the larger radius.
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Despite the fact that the central surface brightnesses are the same for galaxies
A and B, the ease with which they would be selected in an optical survey is very
different. Galaxy A, with a low surface brightness disk and no bulge, would be very
hard to detect. Galaxy B, because it has a bright bulge, would be much easier to
detect although it might look like an elliptical or SO because the disk would not be
easily detectable. Malin 1 is similar to case B. It has a bright enough bulge in addition
to its large, very low surface brightness disk that at cz = 1000 km s"^ it would have
been 3.75' and made it into the UGC catalog (Schneider & Schombert 2000), but it
might have been left out of follow-up surveys because it would look like an elliptical.
The advantage of an HI survey is that we are not biased against this sort of galaxy
that might not usually be followed up at 21 cm based solely on its optical morphology.
Figure 4.2b shows the profiles for a spiral with a bulge and a pure exponential
profile galaxy again, but in this case the total magnitudes and the scale lengths are the
same for galaxies A and B. Galaxy B, which does not have a bulge, has a higher central
surface brightness. Note that //^(O), the actual surface brightness in the center, is
still lower than for galaxy A. In this case the isophotal radii are also different for the
two galaxies as are the half-light radii. In both cases galaxy B appears larger than
galaxy A.
The two examples are intended to illustrate the relationship between measurement
and the properties of the galaxies the measurements are intended to describe. This
illustrates that measurements of size have as much to do with the distribution of a
galaxy's light as with its actual size. It is important to remember that /^o and a are
descriptions of a galaxy's disk component only. These measurements are indicative of
the size of the disk and the surface brightness of the disk, but a galaxy with a large
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low surface brightness disk can have an extremely bright bnlge. The central surface
brightness of Mahn 1 ,s = 25.5 n.ag arcsec^'^ but the actual surface brightness
at the center.
„.(0) = 19.5 mag arcsec- (Bothun et al. 1987). For galaxies with
disks of similar scale length, the relationship between the isophotal radi, and the half-
light radii is an indicator of the prominence of a bulge. It must be noted that this
discussion has been oversimplified in studying model galaxies and will not applv to
sources that do not have r'/^ bulges and exponential disks, and in particular it will
not apply to galaxies with irregular morphologies.
While the previous discussion has focused on the effect of a galaxy's light distri-
bution on the measurement of its size, we do gain some physical information about
galaxies from the size measurement. For galaxies with exponential profiles, the scale
length is the radius at which the surface brightness has fallen to 1/e of the central
surface brightness. The half-light radius is not defined by the galaxy profile, but as
the radius containing half of a galaxies total luminosity. The disadvantage of isopho-
tal measurements is that they are not tied to a global property of the galaxy but are,
instead, an arbitrary surface brightness limit usually defined by the sensitivity of the
instrument.
We have discussed the properties of scale lengths and half-light radii for model
galaxies. We now extend this discussion to the sizes of ADBS galaxies. The optical
and near infrared scale lengths were determined from least squares fits to the galaxy
profiles outside of the bulge. If there was no obvious bulge, we fit the galaxy outside a
3" radius. To examine the shape of the HI profiles, we must take into account that the
actual profile has been convolved with the 44" synthesized Gaussian beam of the VLA
in D-array. To determine the scale lengths of the HI profiles, we calculated a series
of model profiles representing exponentials convolved with the Gaussian synthesized
beam. The scale length was determine to be the best chi-squared fit between the
profile and the models. Figure 4.3 shows the fit (dashed line) to th(! HI profile; (solid
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line) of source 225557+2610. Th.
. an average fit showing that n.ost of the profiles
are not well fit m the outer parts. The n.abiHty to fit the outer parts mav be due
to the Sigma chppmg of the background in these images or it may be mdicating that
the profiles are not pure exponentials. The source, 125029+2530, can not be fit by
an exponential because of its morphology, it shows a hole m the center surrounded
by two concentric rings of HI that can be seen as bumps in the profile in Figure 4.4.
Figure 4.5 shows the relationship between half-light radius and scale length for the
optical measurements of ADBS galaxies. The sizes derived from these two methods
are quite comparable although there is a fair amount of scatter.
Another issue that closely connected with the determination of a galaxy's size is
its surface brightness. Figure 4.6 demonstrates the eflfect of surface brightness on the
measurement of size. The figure shows the simplest case, two galaxies with purely
exponential profiles of the same scale length with different central surface brightnesses.
An arbitrary isophotal limit (represented by the horizontal line) has been selected to
demonstrate the diflference in the measured isophotal sizes of these galaxies. The lower
surface brightness galaxy will appear much smaller than the higher surface brightness
source if an isophotal measurement is made. The half-light radii and scale lengths,
on the other hand, are the same but the central surface brightnesses are different.
Figure 4.7 shows the relationship between size and surface brightness for galaxies
in the ADBS sample. Figure 4.7a demonstrates that, as expected from the discussion
above, the half-light radii are not correlated with surface brightness indicating that it
is a fairly unbiased measure of galaxy size. Figure 4.7b shows the ratio of the J-band
21 mag arcsec"^ size and the J-band half-light radius as a function of the surface
brightness determined at the 21 mag arcsec"^ isophote. This figure shows that the
ADBS galaxies follow the same trend as the models in Figure 4.6: the isophotal radii
of high surface brightness galaxies are several times larger than the half-light radii
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while the isophotal and half-hght radU are much more similar for the lower surface
brightness galaxies.
4.4 Galaxy Profiles in Three Bands
In order to understand the relationship between different components of galaxies,
we examine the radial profiles for the ADBS sources that were observed at the VLA.
VLA maps were obtamed for 83 ADBS galaxies in D-array in January 1998. We
use these maps in conjunction with the 2MASS postage stamp data where it exists
and optical data from the Palomar Digitized Sky Survey (DSS). Postage stamps are
available for only a fraction of galaxies for which the 2MASS data is available.
The galaxies were fit, in all three bands, using the IRAF STSDAS package EL-
LIPSE to determine the radial profiles. For the HI data, ELLIPSE was allowed the
freedom to alter the position angle and ellipticity for the galaxy as the semi-major
axis was changed (the cause for jumps in the profiles in a few cases). For the 2MASS
and optical data ELLIPSE was given a position angle and ellipticity and was forced
to fit the galaxy out to a radius much larger than the galaxy. The latter strategy was
adopted for these two data sets because of the difficulties ELLIPSE has in fitting low
surface brightness features of galaxies. For the HI data ELLIPSE did not suffer from
the same surface brightness difficulties because the backgrounds have been clipped at
a fairly high surface brightness level. These ellipse fitting techniques have allowed us
to reach surface brightness levels of ~0.2-0.4 pc-^ in HI and ~8-10 L^ pc^^ at
K-band. For the optical data we were using the DSS images and do not have cali-
bration except for galaxies with cataloged magnitudes which we used to calibrate the
total flux we derive for the source. The sources with * after their names do not have
UGC magnitudes so the average of all of the calibrations was used. For these galaxies
the scale for the optical data is not reliable, but the profile shape is still accurate.
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In Figure 4.4 the solid Hnes show the HI profiles of the galax.es in units of M
PC- as a function of the semi-major axis position in arcseconds. As we showed L
Figure 4.3, the HI profile shapes are influenced in the center by the Gaussian beam.
The beam smoothes, and hence flattens, the central regions of these profiles. The
dotted lines show the optical profiles in, approximately, pc-^ The as given on
the plots are the optical scale lengths shown with the dashed lines. The red lines show
the K-band profiles units of pc^^. Note that the 2MASS sizes are a maximum of
142" (along the diagonal) because the postage stamps from which the profiles were
derived do not get larger than 101" on a side. For some of the 2MASS galaxies, both
at the 101" size limit and below it, the postage stamps are truncated at detectable
surface brightness levels which will eflFect the radial profiles of these galaxies.
With these profiles we demonstrate that the HI radius is almost always a few times
larger than the optical radius which is in turn a few times larger than the near infrared
radius. By looking at the individual profiles, however, it is obvious that this a very
generalized statement and there is a lot of variation in the relationships between these
components. With these profiles in mind, we turn to a more generalized discussion
of the relationships between different measurements of galaxy sizes and between the
sizes of diflferent components.
4.4.1 Size Comparison at Different Wavelengths
As we mentioned at the beginning of this section, one of the main reasons for
deriving a "size" for a galaxy is to compare different galaxy components. Here we
will compare the HI, optical, and near-infrared measurements of size. The goal of this
comparison is to gain an understanding of the relative distribution of gas and stars
in the galaxies of our sample. Both the near infrared and the optical measurement
probe the stellar distribution but the optical measurement is more sensitive overall
so it will be better able to detect low surface brightness features. While the optical
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measurement has better surface brightness sermiHvitv fV.o. fui ui nsitiv y than the near infrared, it is also
more strongly influenced by star formation.
Figure 4.8a shows the relationship between HI and optical (black dots), and HI and
near infrared (open circles) measurements of isophotal radius. The optical isophotal
radius corresponds to
-4-15 pc-, the J-band isophotal radius is measured at 21
mag arcsec-^ and the HI isophote is measured at 0.6 pc-. The line illustrates
the average case where the HI isophote is ~4 times larger than the optical isophote.
The J-band sizes are smaller. On average the HI radii are -7 times larger than the
J2ie isophotal radii. We have eliminated the galaxies with J-band radii of T\ the
default minimum size, from these statistics.
Figure 4.8b shows the relationship between half-light and half-mass radii. The
half-light radius of a galaxy is an alternative to a scale length as a measurement that
is not based purely on the disk profile. Evident in Figure 4.8b is that the optical and
HI half-light radii are much more similar than the isophotal radii are. On average,
the HI radius is only ~2.5 times the optical radius. Despite the greater similarity
between the sizes of the galaxy components measured in this manner, there is a huge
scatter in the relation. The individual profiles in the previous section demonstrate
that there is no single factor that relates the HI and optical sizes of galaxies.
Figure 4.8 also shows the relationship between the HI and J-band half-light radii
as the open triangles. The J-band radii are, on average, ~4 times smaller than
the HI radii. We would expect the optical and J-band measurements to be tracing
the stellar population and hence we would expect that their distributions would be
similar, which should mean that their half-light radii would be similar. The difference
in the half-light radii is an indication that 2MASS is missing some of the galaxies'
low surface brightness component. This is a caveat that will run through all of t\w
discussion of the 2MASS measurements of these galaxies.
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Figure 4.9 shows the relationsh.p between the optical and HI scale lengths for
galaxies. On average the HI scale lengths are ~4 tin.es larger than the optical values.
Again the correlation between these two quantities is only a loose one.
4.5 HI Surface Density
In 1983, Giovanelli & Haynes used the relationship between HI mass and optical
size as an indicator of "HI deficiency" in galaxies. For galaxies in the field, these
quantities were tightly correlated, while galaxies within 5° of the center of Virgo
had less HI for their optical size, probably due to stripping in the dense cluster
environment. In contrast to the discernible eflFect of gas deficiency on the relationship
between HI mass and optical size was the lack of eflfect on the relationship between HI
mass and HI size. For both normal and gas deficient galaxies M^, oc R'^, indicating
a constant average surface density for all galaxies.
In Figure 4.10a we confirm the relationship between HI mass and J-band radius.
The line shows Mhi oc R}^. For the ADBS sample we survey a region around Virgo,
but unfortunately there is only one galaxy within 5° of Virgo that has a 2MASS
detection. The source falls in the center of the Mhi versus R^^ distribution which
probably indicates that it is not gas deficient despite its proximity to the center of
Virgo. In Figure 4.10b we also confirm the correlation between an isophotal HI radius
and a galaxy's HI mass. This correlation is very tight indicating that for almost all
galaxies, the average surface density of HI is the same.
There are 4 sources that deviate significantly from this HI mass versus HI radius
constant average surface density trend (002526+2136, 090544+2532, 090548+2526,
123546+2801). Two of the outliers, one which appears to have excess HI (090548+2526)
and one which appears to be HI deficient (090544+2532), are part of a large complex
of disrupted HI. The component which has an excess of HI is the one part of this
complex with an optical counterpart, a large, fairly normal looking, face-on, three-
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armed spiral. For the HI deficienct component, on the other hand, there .s onlv an
extremely famt optical source that n.ay or may not be associate<l with the HI source
we have detected. The other HI deficient source (002526+2136) has a small optical
counterpart relative to the large, associated HI structure which has obviously been
caused by some sort of disruption. The fourth outlier (123546+2801) from this plot,
which appears to have an excess of HI is a large, bright spiral galaxy. The only
unusual thing about this galaxy is its appearance in the VLA map. While it overall
looks like a spiral galaxy it appears to have 2 separate HI peaks.
The average HI surface density calculated from the J-band size is constant, but
there is a significant amount of scatter, a = 500 pc-^ for the relationship repre-
sented in Figure 4.10. This correlation probably arises because the HI and optical
radii are correlated. As would be expected, the correlation between HI mass and HI
size is much tighter with a = 4.9 pc"^
4.6 HI and Optical Selection Characteristics
As an aid to our discussion of the HI and optical selection characteristics in this
section and for reference in later sections, we include Table 4.1. The table contains
a list of correlation coeflicients for a series of the global properties of the galaxies
being studied. In column 1 we list the properties being compared. The correlation
coeflicients for the Hl-selected sample are in column 2, for the LSB sample are in
column 3 and for the de Jong sample are in Column 4. Column 5 contains the
coeflicients for all of the samples together. A positive correlation coeflicient indicates
that the two properties are proportional to one another while a negative coefficient
indicates that they are inversely proportional.
Most galaxy samples are biased towards high surface brightness star forming galax-
ies because they are selected by their optical emission. Hl-selected 21 cm surveys,
by definition, find galaxies in a manner that is perhaps inversely correlated with stel-
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con-
lar content since star formation consumes gas, and . n.stead based entn-elv on the
galaxy's HI content. As HI mass n.creases, the fuel for the forn.ation of stars ah
increases and hence the star formation rate increases, so it is expected that HI
tent would be correlated with J-band luminosity. We show in Figure 4.11 that, while
there is a correlation between the J-band luminosity of galaxies and the HI mass,
there is a large dispersion in the relationship. At a single HI mass, there is a 3 order
of magnitude spread in J-band luminosity and vice versa. This large spread is not
surprising since there are luminous early type galaxies with very little HI as well as
very faint, low mass dwarf galaxies. This correlation may be telling us more about the
relative numbers of galaxies in each of these populations than about the relationships
between these physical properties. The line in Figure 4.11 indicates a hj^u/Mni of
1. The black points represent the Hl-selected galaxies while the triangles are galaxies
from Spitzak k Schneider for which the corrected I-band data has been used to fill
out the 2MASS measurements at the low luminosity end. The red points represent
the low surface brightness galaxies and the green points are from de Jong et al.
2MASS is not an optimal survey for characterizing the light distribution of galaxies
because of its shallow surface brightness sensitivity. The range in surface brightnesses
is only about an order of magnitude (lO'^-lO^ L^^ pc-^). We find that surface bright-
ness is not correlated with the isophotal size or HI mass of a galaxy. We find that
surface brightness is correlated with luminosity for all of the samples, but it is most
tightly correlated for the Hl-selected sample and least tightly correlated for the de
Jong sample. Since the Hl-selected sample is unbiased in its luminosity and surface
brightness selection it would appear that there is a selection effect afl["ecting the cor-
relations for the LSB and de Jong samples. The LSB result is probably just due to
an even smaller range of surface brightnesses being surveyed (1-3x10^ pc~^) and
small number statistics.
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In the relationship between surface brightness and the M,,/L,,, (where we sup-
plement the J-band data with the I-band data for the Sp.tzak & Schneider sample) we
find the same results as Spitzak & Schneider. The correlation between total surface
brightness and M,,/L,,,
.s high for all of the samples although ,t is sHghtly lower
for the LSBs than for the others. The correlation between total surface brightness
and M^;/L,2ie indicates that galaxies are not low surface brightness from a lack of
fuel (HI gas) for star formation but because they are inefficient at forming the stars.
This finding is in agreement with the findings of van Zee et al. (1997) that the disks
of LSB galaxies are below the star formation threshold as formulated by Kennicutt
(1989). The slightly weaker correlation for the LSB sample may be purely the result
of small number statistics (there are only 13 galaxies) but the smaller correlation was
also noted by Spitzak k Schneider (1998) and may be a selection eff-ect. The galaxies
with the highest M^,/Lj2ie are easy to select in an HI survey, but they are the lowest
surface brightness galaxies making them much harder to pick out in an optical survey.
4.7 Galaxy Colors
Color is an indicator of the stellar populations within galaxies and can be useful
for deriving the star formation history and the relationship between gas and stars in
galaxies. Nevertheless, color is also affected by external factors. Before discussing the
colors of galaxies we examine the relationship between color and redshift and between
color and Galactic extinction.
Using the 2MASS data, Mader k Huchra (priv. comm.) have shown that there is
a shift in the near infrared colors (K correction) of galaxies as a function of redshift.
They study the redshift-color relation for galaxies by type and over all types. The
relations they derive, averaged over all types, are given by:
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J- A' = 0.97 + 2.4U
(4 4)
J-//
= 0.71 + 0.312
(4 5)
^- A' = 0.26 + 2.102
(4 5)
The galaxies in the samples discussed here have a maximum redshift, z^,, = 0.028
so the maximum J-K color shift for our sample due to distance is 0.07 magnitudes.
Figure 4.12b shows the relationship between redshift and J-K color. The solid line is
the above Mader k Huchra color-redshift relation. While the figure and the equations
indicate only a small bias due to the color-redshift relation, we have used the above
relationships to correct the colors for all other plots in this paper.
Galactic extinction is also not a significant cause of color bias for most of the
galaxies in these samples. A few of the ADBS survey galaxies are at low Galactic
latitudes, but because near infrared colors are less affected by dust only a few sources
deepest in the Galactic Plane are strongly affected. Figure 4.12a shows the relation-
ship between the extinction (Schlegel et al. 1998) and J-K color. The line is the
expected relationship between extinction and color (Bessel k Brett 1988). The two
ADBS galaxies with the reddest J-K colors are at low Galactic latitudes with the red-
dest source at b=-0.42°. Overall, however, there does not appear to be a reddening
trend. To remove the extinction bias from the color plots we eliminate all sources
within 15° of the Galactic Plane.
In addition to correcting for redshift and eliminating sources with Galactic lati-
tudes of less than 15°, we have eliminated all galaxies with color errors greater than
0.15 magnitudes.
Figure 4.13 shows the J-H versus H-K color-color plane. The purple line represents
the locus of main sequence stars while the blue line represents the giants from M to
B-type (Bessell k Brett 1988). The reddening vector for one A„ of extinction is shown
in the upper left corner. All sources within 15° of the Plane have been removed from
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this plot so the extinction for the galaxies shown shonhl be sn.all. While nu>st of the
galaxies fall inside the stellar locus of points, there are a few notable exceptions The
sonrc:e labelled 1 is very red, but is not in a region of high extinction according to
the Schlegel maps. However, this source is i„ Taurus where there are a lot of small,
dense, high Galactic latitude clumps of dust that can be below the resolution of the
Schlegel maps. Source innnber 3 is also very red relative to the other galaxies, but
this one appears to be a very red source. It is a small spiral galaxy that appears to
be very bright m the 2MASS images. The more unusual source is at the bottom right
with very red H-K colors and very blue .]-H colors. The galaxy is UGC 12391 from de
Jong's sample. Figure 4.14 shows the .I-H-K color composite for this source. 1„ the
near infrared, this galaxy appears to have a very bright nucleus and a very LSB disk.
The colors for this galaxy are very similar to the nebular colors found by Kaufman &
Schneider for planetary nebulae in 2MASS (priv. comm.) indicating that this is an
active galaxy with colors that are affected by strong nebular emission lines.
Figure 4.15 shows the .I-K distribution for each of the samples. The color is
determined in the largest measured aperture. The main feature of this plot is that
the color distribution of the do .Jong sample (vertical shading) is narrower than that
of the Hl-selected samples. The statistics for the LSB samples are too small to assess
the color distribution of this population. For all samples the mean color is ~().9, but
for the Hl-selected galaxies the standard deviation is ~0.3 while it is ~().l for the de
Jong sample. The J-K data has been limited to galaxies with errors less than 0.15
magnitudes, but this distribution still holds if we limit the sample to galaxies with
errors of less than 0.05 magnitudes, but the sample size is siginificantly smaller. The
narrown(>ss of the de Jong color dispersion is an indication that, at least in the color
plane, the sample is not "complete."
Table 4.1 shows that, similar to what O'Neil at al. found, there is no correlation
between luminosity, HI mass, or surface brightness and color for the HI and de Jong
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samples. The LSB sample appears to have a correlation w.th color, bnt that is
probably a result of small number statistics. Only 10 LSB sources make it into this
sample because the LSB galaxies are faint so they tend to have large color errors As
we discussed m §4.6, the lack of surface brightness correlation may be due to the small
range of surface brightnesses being measured because of the insensitivity of 2MASS.
4.8 The Tully-Fisher Relation and the Total Mass of Galaxies
4.8.1 The Tully-Fisher Relation
In 1977 Tully & Fisher examined the correlation between galaxy luminosity and
line width for large galaxies in the local group and the M 81 group. Since 1977, this
relationship has been shown to extend to a wider range of galaxy properties including
late type spirals, LSBs and dwarfs (Matthews et al. 1998; Zwaan et al. 1995; Stil k
Israel 1998). Despite the fact that the Tully-Fisher relation has now been explored
for a wider range of galaxy types, all of those studied have been optically selected.
In Figure 4.16 we show the relationship between linewidth and luminosity for two
Hl-selected samples: the ADBS sample (black dots) and the Spitzak k Schneider
sample (open circles). Optical ellipticities for the galaxies were used to calculate the
inclination assuming an intrinsic thickness of 0.15. This inclination was in turn used
to correct the linewidth to edge-on (W^°' = W5o/sin(inc)). All galaxies with optical
inclinations of less than 60° have been removed from the sample to minimize the
errors due to the inclination correction. Additionally, only galaxies with a quoted
magnitude error of less than 0.2 and showing a doubled horned profile were included
to limit the sample to edge-on, rotationally supported galaxies.
Figure 4.16a shows the resulting relationship between J-band luminosity and cor-
rected Hnewidth. The line has a slope of 3.9 and a zero-point of 0.99 pc~^.
Figure 4.16b shows the relationship between K-band luminosity and linewidth. The
linewidth is well correlated with the luminosity for these samples, but there is a
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dispersion of 0.62 for the J-band relationship and 0.55 for the K-band relationship
This dispersion is probably due to uncertainty in the ineasurements combined with
the larger dispersion in the Tnlly-Fisher relation generally foiind for LSB samples
(Matthews et al. 1998; O'Neil et al. 2000; McGaugh et al. 2000).
Figure 4.17 shows the relationship between J-band isophotal size and the corrected
Imewidth. The relationship is as tight as the luminosity/Hnewidth relation indicating
that size could be used as an alternate distance measure.
At low luminosities it has been shown that galaxies begin to deviate from the
Tully-Fisher relation delineated by the higher surface brightness galaxies. Stil & Israel
(1998) noted that the galaxies that deviated most from the Tully-Fisher relation were
those with the largest mass-to-light ratios. Pierini & Tufts (1999), on the other hand,
found that giant and dwarf late-type galaxies appear to follow the same K-band Tully-
Fisher relation as their earlier type counterparts. McGaugh et al. (2000) used their
data to demonstrate that the scatter in the Tully-Fisher relation is minimized for the
correlation between the total baryonic mass and luminosity. We assume a J-band
mass-to-light ratio of one and derive the total gas mass using the standard correction
for Helium and metals, Mtot = IAMhi-
Figure 4.18 shows the baryonic Tully Fisher relationship for this data. We can
not use our data to test whether our sample diverges from the Tully-Fisher relation
because of the small number of galaxies with Lj < 10^ where this effect is seen.
We find that there is more scatter in this relationship than there is in the pure Tully-
Fisher relation. To provide a better test of the baryonic Tully-Fisher relation we
need a larger sample of low luminosity galaxies for which there are near infrared
measurements.
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4.8.2 The Total Mass of Galaxies
We have discussed the Tully-Fisher relationship between a galaxy's luminosity and
Its Hnewidth. We now extend our discussion of the Tully-Fisher relation by calculating
a dynamical mass for the galaxies and n.cluding galaxies for wh.ch turbulent ,„„t,o„
is significant.
Dynamical mass is extremely hard to define, yet it is an interesting quantity
because it is so fundamental. The issue of size that we discussed m §4.3 is one of
the major difficulties in understandmg and computing a galaxy^s dynamical mass.
The size problem enters into the computation of total mass in part because of the
shape of the rotation curve for most galaxies. Rotation curves tend to flatten out
so "total" mass is proportional to the "size" of the galaxy. To compute the "total"
mass, we use 4 x the J-band half-light radius so that we are measuring the total mass
approximately at the radius to which we measure the HI size.
In addition to the issue of size, for galaxies that are not pure rotators it is very
difficult to determine (1) what fraction of their velocity width is a result of rotation,
and (2) the amount of mass implied by the turbulent motions in the gas. We have
several different cases for which the determination of "total" mass will be diflFerent: (1)
multi-peaked sources - ones with more than 2 peaks. These are generally interacting
systems which cause lots of trouble for these analyses; (2) double horned profiles -
these are generally edge-on, rotationally dominant systems; (3) single horned systems
that are face-on disk galaxies. The velocity widths in these galaxies are not indicative
of the mass in the galaxies so an accurate measurement of dynamical mass is not
possible; (4) single-horned systems that are turbulent-motion-dominated dwarfs. It
is not clear what the relationship between rotation and mass is in these galaxies.
To deal with the above issues, we eliminate all multi-peaked systems and single-
peaked systems with disk-like morphologies (i.e. galaxies that are not clearly irregular
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in their morphology) from this ir.vest.gat.on. The functional form we use to determn.e
the dynamical mass, from Staveley-Smith et al. (1992), is:
Mayn = 1.1 xlO'.D. {rj,
. 4) . {3a' + v'^J (4.7)
for a distance, D in Mpc and a half-light radius, r,„ in arcminutes. The resulting
value for dynamical mass is m solar masses. The 4 represents the average relationship
between the J-band half-light size and the HI size for galaxies so we are measuring
the dynamical mass at approximately the HI radius. The rotational velocity, v,„, =
W5o/(2.sin(inc)) for the double-peaked galaxies and v.,,=W5o/2(sin(inc)+0.546) for
the single-peaked sources. As we did for the Tully-Fisher relation, we use the optical
inclinations here because they are more reliable than the near infrared inclinations.
Figure 4.20 shows the baryonic mass plotted against the dynamical mass assuming
a J-band mass-to-light ratio of 1. The filled circles are the ADBS data, the open circles
are the AS Survey data. As with the linewidths, the dynamical mass is correlated
with the baryonic mass of galaxies. Table 4.1 shows that dynamical mass is also
correlated with luminosity, size and HI mass. We do not see any improvement in
the correlations with dynamical mass from using the baryonic mass rather than the
stellar mass.
The correlation between luminosity (or baryonic mass) and the dynamical mass
is not as tight as the relationship with linewidth (Table 4.1). This may be due to
the larger number of uncertain factors that go into the dynamical mass calculation.
As we have discussed in preceding sections, there is a lot of scatter in the Hi/near
infrared relationship we may not be measuring the dynamical mass at a consistent
location in these galaxies. We have also used a fairly arbitrary conversion between
linewidth and total mass for the galaxies that are not rotationally supported. Until
we understand the relationship between turbulent support and mass we will not be
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able to compare galaxies for which turbulent motions are iurportant with rotat.onally
supported galaxies in a consistent manner.
4.8.3 The Relationship Between Mass Components
In the most simplistic, idealized models of galaxy evolution the gas in galaxies is,
over time, slowly turned into stars. The complications to this involve the recycling of
material after a star's death, accretion or depletion of material m an interaction or
merger, and the expulsion of material due to stellar winds. Because the components
of the interstellar medium are so closely linked through their evolution, the gas-to-star
ratio, Mhi/L, is often used as a diagnostic of the star formation history in galaxies
(O'Neil et al. 1997; Bothun et al. 1982).
To determine whether the the gas-to-star ratio is tied to these evolutionary pro-
cesses in galaxies as we expect, it can be compared to the colors of galaxies. Schneider
(1996), McGaugh k de Blok (1997), and Spitzak k Schneider (1998) all found that
a galaxy's optical colors are correlated with the gas-to-star ratio. As the correlation
coefficients in Table 4.1 demonstrate, we do not see the same trend with the near
infrared colors. There is no detectable trend in gas-to-star ratio with J-K color, but
in general there is not a trend seen between J-K color and galaxy type (e.g. Fioc &
Rocca-Volmerange). The near infrared colors trace the underlying stellar population,
particularly late-type stars and K-giants, so they are good indicators of evolutionary
history.
As shown in Figure 4.19, surface brightness and the gas-to-star relationship are
strongly correlated. As the gas-to-stars ratio increases, the surface brightness dimin-
ishes. This appears to indicate that galaxies dominated by their HI are inefficient at
turning that gas into stars. Despite possessing the resources to become bright, high
surface brightness galaxies, these galaxies remain low surface brightness and gas-rich.
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4.9 Discussion
We have used the near infrared and 21 cm information available for several dif-
ferent galaxy samples to investigate the relationship between the gaseous and stellar
components. We find that the stellar component, as measured optically, is about 1/2
the size of the HI component. Both the scatter in this relationship and the profiles of
the galaxies for which we have VLA and optical data show that there is a tremendous
amount of variation from galaxy to galaxy. We note, however that the ratio be-
tween HI and optical scale lengths is not correlated with the HI mass, near-infrared
luminosity, or near infrared surface brightness of the galaxy.
In examining the relationship between the stellar and HI properties of these galax-
ies, we note that the HI mass is correlated, but not tightly, with J-band luminosity.
The dispersion of three orders of magnitude in this relationship implies that there is
no direct connection between the HI mass function and the near infrared luminosity
function. At the low HI mass end, there are both low mass dwarf galaxies and high
mass, early-type galaxies that have very little HI. With a dispersion of three orders
of magnitude, galaxies can shift by several bins in the conversion between the mass
function and the luminosity function making it impossible to directly convert from
one to the other. Because of the large dispersion in the mass/luminosity relationship,
a correlation between the optical luminosity function and the HI mass function as
found by Briggs (1997) would be very interesting, although it is in conflict with what
we have found for the HI mass function in the field (Rosenberg k Schneider 2000).
Even if there is a correlation, it can not be used to claim that Hl-detected sources
are accounted for optically.
Having discussed the relationship between the stellar and gaseous profiles in detail,
we now examine what this indicates about the average mass fractions as a function
of radius. In order to derive an average we must be able to compare "radii" in as
unbiased a manner as possible. We use the scale-free parameter given by the ratio
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of the radius to the HI scale-length for the galaxies. On th. scale, we derive the
average relationship between gas mass, stellar mass, and baryonic mass w.th total
mass. Figure 4.21 shows these average relationships for a high surface brightiiess
galaxies > 8.1L, pc-; solid hues), medium surface brightness (7.9 L, <
^J2u < 8.1L, dash-dot lines), and low surface brightness < 7.9L^ pc''^-
dashed lines). The blue lines show the fraction of the total mass in gas (asLming
that the total gas mass is 1.4 times the HI mass), the red line shows the fraction of
the mass in stars assuming a mass-to-light ratio of 1 at J-band, and the green lines
are the sum of the red and blue representing the fraction of mass in baryons.
To calculate the total mass of the galaxies at each radius we assumed a flat rotation
curve. The baryonic mass is, as expected, a small fraction of the total mass of a
galaxy. In the inner part of the galaxies baryons can make up as iimch as 10% of
the total for high surface brightness galaxies, but represents only a few percent in
the outer parts. For the lowest surface brightness galaxies in this sample, and these
are still fairly high surface brightness because of the 2MASS selection eff-ects, the HI
mass dominates the baryonic mass in the outer parts of the galaxy. It is only for
the high surface brightness galaxies that the stellar component remains the dominant
component at all radii.
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Tt'I 7 relationship between the 2MASS J-band 21 mag arcsec-^ magnitudesand I-band measurements, (a) I-band 25 mag arcsec-^ from the Spitzak & Schneider
sample and (b) I-band 5" aperture I-band magnitudes from the O'Neil et al sample
Semi-Major Axis ["] Semi-Major Axis f]
Figure 4.2 The effect of model galaxy profiles of the measurement of size, (a) The
models have the same a, //q, and isophotal radius, (b) The models have the same
total magnitude and scale length.
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Figure 4.3 A model fit to a sample HI galaxy profile. The solid line is the galaxy
profile, the dashed line is an exponential smoothed with a 44" Gaussian representing
the beam. The resultant profile is the best chi-square fit to the galaxy scaled to match
the measured central surface brightness.
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Figure 4.4 Radial profiles of galaxies at 21 cm, optical and K-band. The solid line
is the 21 cm profile of these galaxies. The optical profile is shown as the dotted
line with the dashed fine representing the scale length fit to the galaxy. The wide
dashed lines are the K-band profiles for galaxies which have 2MASS postage stamps
available. The galaxy names with after them have optical profiles that have been
scaled with the average scale factor. The shape will be accurate for these galaxies,
but the absolute scale is not reliable. The a given is the optical scale length shown
in the figure.
Continued next page.
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Figure 4.5 Comparison between the optical scale length and the optical half-light
radius.
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Figure 4.6 Two exponential profile models demonstrating the change in isophotal
radius with central surface brightness.
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10= 10"
Figure 4.7 The effect of surface brightness on measurements of galaxy size, (a) J-band
21 mag arcsec-2 versus /ij2ie- (b) The ratio of J-band isophotal size to half-hght radius
versus //jaie-
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Figure 4.8 Comparison of HI, optical and J-band radii, (a) A comparison of isophotal
measurements of radius. The isophotes correspond to 21 mag arcsec"^ at J-band
(open triangles), 0.6 pc'^ at 21 cm and ~ 10 pc-^ optically (black dots), (b)
A comparison of the half-light and half-mass radii for the ADBS galaxies. The optical
versus HI comparison is shown with the black dots, the J-band versus HI comparison
is shown with the open triangles.
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Figure 4.9 A comparison between the optical and HI scale length
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Figure 4.10 A comparison of HI mass with near infrared and HI radii, (a) The
comparison between Mhi and J-band half-light radius. The line represents Mhi oc
R2. The black dots are the Hl-selected galaxies, the red triangles are the low surface
brightness galaxies, and the green stars are the de Jong galaxies, (b) The comparison
between Mhi and the HI isophotal radius. The line represents Mhi oc R^.
138
Table 4.1. Correlation Coefficients
A raram ^' Parani Hl-selected LSBs deJong All
LoffCR**" )
^OglR/// ) 0.52
^"6l^J21e ) T ^ ^ /O ISO \Log(H'^] ) 0.30
^og[tigp^
) Log(R/// ) 0.45
^Ogli^op< ) ^og(R/// ) 0.43
i^og(H///
) 0.01
K20e ) J-K 0.17 -0.73 0.41 -0.00
J-K 0.12 -0.80 0.50 -0.04
ijOg(^M///j J-K
-0.04
-0.59
-0.00
-0.04
J-iv Mx20e -0.30 -0.02
-0.53 -0.14
T ncr/'T .
<7j21e 0.67 0.50 0.43 0.61
^Ogli^J21e j C"j21e 0.54 -0.39 0.34 0.33
l^Ogl^M/// j Cj21e 0.10 0.16 0.08 0.18
J-iv C"j21e 0.22 -0.72 0.28 -0.08
T ncr/'T , T rArr/'A/f It \L0g(M////Lj21e ) -0.81 -0.56 -0.69 -0.77
^Og(^nj21e j T r\tr(\l\ It \L0g(M////Lj2le j -0.62 -0.03 -0.66 0.59
Log(M///) Log(M////Lj2ie ) -0.15 -0.00 -0.27 -0.20
J-K L0g(M/,//Lj21e ) -0.09 0.53 -0.25 -0.02
^og{aj2u ) L0g(M////Lj21e ) -0.77 -0.65 -0.78 -0.76
Log(LA'20e) 0.83
Log(Lj2ie) 0.88
Log(A/I///) ^^cor 0.420
Log(Mftar) 0.77
L0g(R721e) 0.84
L0g(Lj2ie) 0.79
Log(M///) 0.69
Log(Mftar) 0.79
Log(Rj2ifi) 0.71
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Figure 4.11 J-band luminosity as a function of HI mass. The black points are the HI-
selected galaxies. The corrected I-band data from Spitzak & Schneider are represented
by open circles. The red triangles are the low surface brightness galaxies and the green
stars are the de Jong galaxies.
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Figure 4.12 External effects on color, (a) The relationship between visual extinction
from Schlegel et al. and J-K color. Most of the galaxies in the sample are at small
extinctions and do not show a trend of color with extinction, (b) Redshift versus
J-K color for the Hl-selected sample (black dots), low surface brightness sample (red
triangles) and de Jong sample (green stars). The line represents the average redshift-
color relation for 2MASS galaxies calculated by Mader k Huchra.
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Figure 4.13 J-H versus H-K color-color plot. The arrow represents 1 of extinc-
tion. The purple line represents the colors of main sequence stars and the blue line
represents the giants (Bessel & Brett).
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Figure 4.14 2MASS 3-color image of UGC 12391. This is a galaxy from de Jong
al. that has nebular colors indicating that it is an active galaxy.
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Figure 4.15 Histogram of J-K colors measured at the maximum detectable radius. The
black histogram represents the Hl-selected sample, the green histogram represents the
de Jong sample, and the red histogram represents the low surface brightness sample.
I
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Figure 4.16 The luminosity versus linewidth relation, (a) The relation shown for at
J-band. The ADBS survey data are in black. The AS survey data are shown with
open circles, (b) The relation shown for K-band.
145
10
o
o •• V
o *• •
• •o
^
•
—^ ^—^—I
—
\ 1 \ I I I I
60 80 100 200 400 600
W^L [km s -1 ]
Figure 4.17 The J-band isophotal radius as a function of linewidth. The black
are from the ADBS and the open circles are from Spitzak & Schneider.
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Figure 4.18 The relationship between total baryonic mass and linewidth. The black
dots are from the ADBS and the open circles are from Spitzak & Schneider.
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Figure 4.19 The relationship between J2ie surface brightness and gas-to-star ratio.
The black dots are Hl-selected, the red triangles are the low surface brightness sample,
and the green stars are from de Jong.
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Figure 4.20 The relationship between baryonic mass and "total" mass for galaxies.
The ADBS data are the filled points and the AS data are the open circles.
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Figure 4.21 The percentage of the total mass of galaxies in gas (dash-dot lines), stars
(dashed lines) and baryons (solid lines) for high (blue), medium (green), and low (red)
surface brightness galaxies. To average over the samples we plot the mass fraction
against the scale-free parameter given by the ratio between the J-band radius and
the HI scale length.
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CHAPTER 5
DISCUSSION AND FUTURE WORK
5.1 Understanding the Unique Properties of Hl-selected
galaxies
This thesis has been directed at understanding the statistical properties of an
Hl-selected sample of galaxies. From this study we have formed a much better un-
derstanding of the galaxy populations in the local Universe, but there is much more
that can be explored with this data set. In the process of analyzing these galaxies, we
have identified many sources that are as low in surface brightness as the Giovanelli
& Haynes (1989) "protogalaxy" and several that are low enough surface brightness
that they are not detectable on the digitized POSS images. We will be continuing
this study of an Hl-selected sample by taking a closer studying the most extreme low
mass and low surface brightness galaxies in greater detail.
In Chapter 3 we derived the HI mass function from our Hl-selected sample and
found that the lowest mass galaxies dominate the local galaxy population by number
as well as contributing a significant amount of mass. Despite their importance to
the population of galaxies in the local Universe, few detailed HI observations of the
lowest mass sources have been made. The low surface brightness galaxies, many of
which are also low mass, represent the most extreme end of the galaxy population in
terms of stellar density. These are the galaxies that failed the most dramatically in
the effort to turn HI into stars.
For further study we have selected over 30 sources to examine the HI distribution,
kinematics, optical surface brightness, and colors in detail. We hope to use these
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measurements to understand why these low surface brightness galaxies have not been
able to form stars efficiently. In particular, detailed HI and optical maps will allow us
to do a one-to-one comparison between the HI and optical for regions where there has
been star formation and regions where there has been none. For the low mass galaxies,
we want to examine the relationship between the gaseous and stellar components as
well as the detailed kinematics. Understanding the gas kinematics will also permit
us to determine whether these systems have disk-like rotation or chaotic motions like
some dwarf galaxies, and to better estimate their dynamical masses. Dynamical mass
estimates will further allow us to determine the contribution of this population to the
total mass function of galaxies.
For this sample we have obtained HI maps in C-array at the VLA and are presently
observing the sources in D-array. The combination of C and D array should allow us
to study the low HI surface density component as well as allowing us to derive higher
resolution information. We have also been granted 6 nights of KPNO 2.1m observing
time this winter that we will use to study the optical counterparts to these Hl-selected
sources. In particular we would like to derive surface brightness limits, if they still
elude detection, for the HI sources without optical counterparts. Figures 5.1, and 5.2
show two examples of sources that are not detected on the digitized POSS II plates
(greyscale) for which we have VLA D-array maps (contours).
5.2 Future 2MASS Studies
We have used a sample of Hl-selected galaxies to study the relationship between
the gaseous and stellar components in galaxies and how this relationship differs be-
tween an Hl-selected sample and optically selected samples. In particular we set out
to determine whether the galaxies detected at 21 cm constitute a different population
than those detected optically. Our optical data are somewhat limited and the shallow
surface brightness sensitivity of the 2MASS observations limited our comparisons pri-
152
marily to higher surface brightness sources. Even with this limited range n, surface
brightness, we have
.dentified a number of nueresting trends and correlations that we
will continue to pursue to lower surface brightness as the new observations become
available.
For the most extreme LSBs in the sample we will get optical data at KPNO this
winter. For the large number of galaxies that do not fall within our sample selected for
deep optical observations, we will re-examine the 2MASS data. The data that were
used for this thesis were for galaxies detected in GALWORKS. There are, however, a
large number of galaxies that can be seen on the coadds that GALWORKS does not
detect. We have not, up to this point, tried to obtain information directly from the
images because the coadds have been lossy compressed. This compression severely
degrades the image quality and sensitivity to low surface brightness features. The full
compression images for all of the data are now being made available and will provide
us with the ability to detect many objects that did not make it into the survey and
to derive upper limits for those that we still do not detect. Using the full resolution
2MASS data, we intend to extend the work of Chapter 4 to a lower surface brightness.
5.3 The Connection with Lya Absorbers
HI emission is a probe of the gaseous content of the local Universe, but it is not
the only probe that we have. Lya absorption along the line of sight to QSOs also
provides information about the gas content of the local Universe. HI emission and Lya
absorption serve as complementary probes. Lya absorption is sensitive to much lower
column densities of gas than HI emission, but it does not provide full information
about the absorber. Another direction that I would like to take the follow-up to this
thesis is in using these two techniques together to assess the content of gas in the
local Universe. Together they will help us gain a better understanding of how the gas
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we see in absorption line systems is associated with tl>e galaxies that we „.ap at 21
cm and observe optically.
This project is designed to detect the first QSO absorption lines directly associ-
ated with low surface brightness galaxies and use them to probe both the nature of
high column density absorption systems and the evolutionary history of low surface
brightness galaxies. Detecting bright QSOs behind specific galaxies allows a direct
comparison between galaxies and their absorption lines. This is, however, a challeng-
ing endeavor. With a survey of -17 deg'^ in the regions surrounding a sample of low
surface brightness (LSB) galaxies, number counts indicate only 3-4 QSOs should be
detected at the limit of Space Telescope Imaging Spectrograph (STIS) observations
but >50 for the improved sensitivity of Cosmic Origins Spectrograph (COS; Morse
et al.). Determining the absorption line properties of these LSB galaxies is important
for addressing several questions:
• What are the morphologies and physical properties of nearby high column den-
sity absorbers?
• What does metallicity tell us about the enrichment history of the interstellar
medium in low surface brightness galaxies?
• What are the physical conditions in the gas in the outer disks of low surface
brightness galaxies?
This project will (1) identify QSOs behind a sample of low surface brightness
systems using multicolor photometry in the region of high column density gas (>10^^
cm"2), (2) confirm the QSO candidates, and (3) obtain HST spectroscopy of the
bright QSOs to identify and study the LSB galaxies' absorption lines.
Are the missing counterparts to the high column density (N/// >10^^)
absorbers low^ surface brightness galaxies?
The missing counterparts are plausibly attributed to LSBs because (1) several of
the identified optical counterparts and probably more of the unidentified ones are LSB
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(Vladio 1999), (2) the galactic .notions of LSBs can explan, t,.. obscv..,, line proKlcs
(Jimenez et al. 1999), and (3) the dan,pe<i Ly„ syste,„s show low n.etallicities and
no enhancement of the « elements relative to the iron gronp a. expected for LSBs
but not for spirals (Pettini et al. 1999).
A great deal of work has gone into identifying galaxies associated with low redshift
absorption line systems in the last several years. Much of this effort has been made
possible by the HST Absorption Line Key Project which has identified over a thousand
Lya absorption lines most of them at low redshifts (Bahcall et al. 1996, Jannuzi et
al. 1998, and other KP papers). There have been many searches for galaxies in
emission near QSO lines of sight and for QSO absorption near galaxies but only 16
counterparts have been found to the low redshift damped absorption line systems
(Miller et al. 1999, Rao et al. 1998, Lanzetta et al. 1997, Lane et al. 1998, Le
Brun et al. 1996, Vladio et al. 1997, Steidel et al. 1997). All of these systems are
at impact parameters of 8.3 - 37.7 h.^J kpc from their counterparts and only 3 have
measured redshifts to confirm their association. What these detections show is that
the damped absorption line systems do not appear to be a homogeneous population,
but instead cover a range of morphological types (Vladio et al. 1997, Chen et al. 1998,
Bowen et al. 1996). Five of these galaxies are low surface brightness and because of
the difliculty in identifying low surface brightness galaxies optically we suspect that
they could make up an even larger fraction of the population of absorbing systems.
The ubiquitous nature of low surface brightness galaxies, as indicated by the steeply
rising optical luminosity function (Loveday 1997) and HI mass function (Chapter 3) is
further evidence that they might be an important contributor to the QSO absorption
line population.
The kinematics of the LSB galaxies will be compared with the kinematics of previ-
ously detected damped and Lyman-limit systems. The absorption system kinematics
tend to indicate circular motions for AV<15() kms ' but random motions for larger
155
AV. The velocity w.dths for the absorption line systems and then- synunotries have
been used to model the kmematics n. these systen.s. The problen. is that it is verv
difficult to build a model from an isolated line of sight. These low surface brightness
systems will allow us to compare the velocity profiles with the detailed kinematics
of the whole system. In general, for damped systems, AV is correlated with the
asymmetry of the line for AV < 150 kms- but not for larger line widths (Ledoux et
al. 1998). We would expect that the absorption line profiles from these low surface
brightness galaxies, most of which are rotation dominated, should show this asymme-
try. However, it will be important to compare the broadening and asymmetry as a
test of these models. For the regions of our LSBs where the kinematics are more un-
usual, such as the extended HI structure well beyond the galaxies optical radius and
particularly the Leo Ring, it will be interesting to directly compare the line profiles
to those of the Lya absorbers.
Do low surface brightness galaxies have a pristine, unevolved interstel-
lar mediums similar to that found in damped Lya systems?
The measurement of the metallicity in the nearby LSBs can be used as a link
between the evolutionary history of these galaxies and previously detected damped
systems. This information will be valuable for our understanding of the nature of
the absorption line systems, complementary to the kinematic comparison discussed
above, as well as for our understanding of the evolutionary history of the LSB galaxies.
The metallicities in the damped Lya systems show a range of values from near solar
to a hundredth solar which may be further evidence that these systems are associated
with a range of galaxy types since the redshift evolution of the absorbers appears
to be small if any (Pettini et al. 1999). LSB galaxies typically have metallicities
of about one third solar as measured from the HII regions. In these regions, the
metallicity measurement can be corrupted by the star formation and by the ionization
state of the gas (Izotov & Thuan 1999). The QSO absorption allows a comparison
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between interstellar medium metallicities and those measured in the HII regions.
The metallicity of the interstellar medium should indicate whether there has been
enrichment of the disk from previous generations of star formation or whether it is
very low metallicity, pristine gas. To understand the evolutionary history, the a
element ratios are important, damped Lya systems show low [Si/Zn] ratios which is
in contrast with the a element enhancement seen in metal poor stars. This is another
indication that the damped systems are not dominated by the galaxies where most
of the star formation is taking place (Pettini et al. 1999).
What are the physical conditions of the outer regions in low surface
brightness galaxies?
Detecting QSOs behind LSB galaxies will allow us to probe the energetics of the
interstellar medium by using the relationship between HI absorption and emission
measurements. A galaxy's 21cm emission gives a direct measurement of the average
column density. The 21cm absorption is generally weak but optical absorption lines
will help estimate temperature, dumpiness, and ionization state of the gas. Through
comparisons with absorption seen in the outer regions of spiral galaxies we can gain
a more complete understanding of the energy inputs. For example, in M33 the tem-
perature in the outer regions is found to be ~ 3000-10,000 K (Corbelli & Salpeter
1993). If the temperature is similar in these LSB galaxies, where there much less star
formation, then the heat is probably due to the extragalactic soft-Xray background.
If the LSBs are cold, then the heating in M33 is most likely due to internal sources
such as galactic chimneys and tidal forces (Corbelli & Schneider 1990).
5.3.1 Search Strategy
The challenge for this project is to identify bright QSO candidates for spectro-
scopic follow-up. We plan a two part survey to determine the absorption line prop-
erties of nearby LSB galaxies:
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(1) A thorough Uterature search for QSOs behind low surface brightness galaxies.
This could later be expanded to a multicolor photon.etric search, but will begin as a
literature search since there have been many surveys for QSOs and for HST follow-up
the galaxies must be bright.
(2) HST absorption line spectroscopy of the bright QSOs. HST is required for the
spectroscopic follow up on these sources because these galaxies are all at redshifts
much lower than z = 1.65 where Ly. and most of the more prominent metal lines
reside below the atmospheric cutoff. We expect only 1-2 QSOs to the B<17.5 limit
of STIS, but >30 down to the limits of COS, which is due to come on line in 2002,
in the N;,; >W cm-2 regime. At the full areal coverage of the survey (N;,;
-lO^^)
we should detect 3-4 QSOs to B<17.5 and > 50 to the limit of COS. The first few
STIS detections will be a preview of the properties of the LSB galaxies, but with the
advent of COS we will be able to obtain information through several lines of sight
and begin to determine the statistical nature of the LSB absorber population.
5.4 Mass Function Future Work
In Chapter 3 we discussed the mass function and the method we used to calculate
it. We have used synthetic sources and modeling to determine our detection limits
and the effects of observational uncertainties. We find that the mass function is steep,
with a power law index of a = -1.6 for the field and shallower, a = -1.2 in Virgo.
The mass function that we have calculated suggests that a substantial amount
of matter is tied up in low HI mass galaxies. Despite concerns about small number
statistics in the lowest mass bins, we find that the galaxy counts are rising substan-
tially faster than a=-1.2, in the field, even at intermediate masses where the number
of galaxies is still large. One of the reasons for the difference from previous surveys
is the environmental dependence of the mass function. I think that the need to ad-
dress the question of environmental dependence of the mass function, as well as the
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continuing need to improve statistics provide n.otivation for future surveys. Add-
tionally, we liave identified several area, that will need to be addressed to improve
future surveys:
(1) The driftscan survey technique is a very powerful method for covering a large
area in a short amount of time. However, the method is problematic for a 21 cm
survey because of the large beam on single dish radio telescopes. The large beam size
causes two independent problems.
First, if there are two sources within the beam they will not be resolved. It is
often possible upon follow-up, particularly if the VLA is used to map the source
or if the optical image is used in aid of distinguishing sources, to separate the two
sources. Once it has been determined that there are two sources within the beam, a
decision must made as to whether either source of both would have been detectable
independently.
The more intractable problem for driftscan surveys with a large beam is that a
large fraction of sources are not detected at beam center. To determine the sensitivity
function one must integrate over the area of the beam accounting for the sensitivity
at each point as discussed in Chapter 3. The beam shape of the telescope is well
determined for point sources for which the computation of the sensitivity function is
straight forward. Galaxies are not point sources and they do not have a consistent
profile shape as shown in Chapter 4 resulting in uncertainty in the sensitivity function.
(2) The low mass end of the mass function is very sensitive to the determination of
the distances to galaxies. Unfortunately, the lowest mass sources are only detectable
nearby where the distances to galaxies are poorly determined. Velocity flov/s can
cause large errors in the calculation of distances to galaxies which in turn can affect
the shape of the detected mass function.
(3) The mass function does not appear to be a global property of galaxies, but
is instead influenced by local environment. We have learned a tremendous amount
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about the population of HI sources that exist and have been nnssecl in the optu-al
surveys and determining their contribution is necessary to complete the pic-tiuv of
the local galaxy population. I think that the next step in understanding the HI
galaxy population and its relation to the optical galaxy population will be a careful
study of the mass function with respect to environment. We have derived different
mass functions for the field and Virgo environments. In future work we must confirm
the dependence of the mass function on environment and then try to determine the
correlation between the shape of the mass function and the local galaxy density.
Some work on the effects of environment have been done (Weinberg 1991, Simpson
k Gottesman 1993), but they have lacked the depth and sensitivity required for a
careful determination of the mass function in differing environments.
In designing a new survey for the determination of the HI mass function we must
take all of the above factors into account. We would like to design a survey that
minimizes the possibility for source confusion, minimizes the corrections that must
be made for beam offset, probes a region of velocity space where the low mass end
of the mass function is not being strongly biased by the large scale flows locally, and
for which distinct density regions are chosen for study.
While the next generation survey will require a large investment of time, plans
to increase the bandwidth at the VLA and the possibility of a multi-beam system at
Arecibo may make such a survey feasible on either of these instruments. The VLA
and Arecibo each have difl^erent advantages.
Arecibo is the more sensitive instrument of the two which is extremely important
for detecting enough sources to constrain the faint-end slope. The addition of a
multi-beam system would significantly increase this advantage. The down-side of
using Arecibo are the problems encountered with source confusion and offset from
beam center. The problems with source confusion are problematic, but it is j)ossible,
in almost all cases, to resolve the issiu* with follow-up observations. Additionally, it is
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a more severe problem for the more cUstant sources wh.ch are generally higher n.ass
and less critical in the determination of the mass function. The beam-offset problem
IS also a challenge, but can be greatly improved by using a honeycomb pattern Uke
the Spitzak & Schneider (1998) survey. A multi-beam system would probably provide
this sort of observing pattern automatically.
The primary advantage of the VLA is its large field of view with high resolution.
Source confusion at the VLA is very rare so the issue of determining whether a
source could have been detected after the fact will be eliminated. The VLA also
provides information about the sources that have been detected which can be useful
for understanding the relationships between nearby sources.
In either case, it will be important to study galaxies with velocities greater than
500 kms-i. By limiting the low end of the velocity range, some of the most severe
large scale flow errors should be eliminated.
The challenge for a future mass function survey will be to balance the need for
good low mass statistics with the desire to explore the eff"ects of environment. Ideally
we would be able to perform several large, high sensitivity surveys in a variety of
regions and compare the results. From a time standpoint, performing several large
surveys many not be possible so it will be very important to choose the regions to be
surveyed carefully.
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Figure 5.3 2MASS J-band images. The left-hand image if from the lossy compressed
coadd, the image on the right is the full resolution image of one of the low surface
brightness galaxies missed by GALWORKS.
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